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SUMMARY 
The purpose f o r  t h i s  s tudy was t o  l e a r n  t h e  r e l a t i o n  which e x i s t s  
between adsorp t ion  from multi-component gas s o l u t i o n s  a t  p re s su re s  
exceeding one atmosphere and t h e  amount of t h e  same m a t e r i a l  adsorbed 
from a pure gas phase. It was a l s o  d e s i r e d  t o  s tudy t h e  e f f e c t  of 
p re s su re  and temperature changes on adsorp t ion  isotherms. Hydrogen, 
methane and carbon d iox ide  were chosen a s  gases with d i s t i n c t l y  d i f f e r e n t  
molecular p rope r t i e s .  These t h r e e  substances have c r i t i c a l  temperatures  
separa ted  by more than  100 Kelvin degrees.  Carbon d ioxide  and hydrogen 
a r e  l i n e a r  molecules and methane is  approximately s p h e r i c a l .  The 
adsorbent chosen was a c t i v a t e d  carbon, P i t t sbu rgh  BPL. This  m a t e r i a l  
i s  made from coa l  and has been a v a i l a b l e  f o r  many yea r s .  It i s  micro- 
porous, has a heterogeneous s u r f a c e  and a high adsorp t ion  capac i ty .  It 
has been used by o t h e r s  7 7  15' 21 i n  adsorp t ion  s t u d i e s .  
Adsorption w a s  determined a t  t h r e e  temperatures;  212.7, 260.2, 
and 301.4 K. A l l  o f  t h e  experiments were below t h e  c r i t i c a l  temperature 
of carbon d ioxide  and above those  f o r  methane and hydrogen. The t e r n a r y  
mixtures  were t e s t e d  t o  35 atmospheres. Binary mixtures  con ta in ing  t h e  
same approximate molar r a t i o s  of  methane and carbon d iox ide  as t h e  
t e r n a r i e s  were run t o  s i x  atmospheres which exceeds t h e  p a r t i a l  p re s su re  
of t hese  components i n  a l l  o f  t h e  t e r n a r i e s .  Pure gas isotherms were 
determined f o r  t h e  components a t  each temperature l e v e l  t o  seven 
atmospheres except t h a t  t h e  lowest temperature carbon d iox ide  isotherm 
was 1 imited t o  t h r e e  atmospheres. 
x i i i  
The compositions of  t h e  b ina ry  mixtures  i n  mole per  cen t  were 
18.8 methane wi th  81.2 carbon d ioxide ,  4 9 . 8  methane wi th  50.2 carbon 
d ioxide ,  and 79.5  methane wi th  20.5 carbon dioxide.  The t e r n a r y  mix- 
t u r e s  a l l  contained hydrogen a s  t h e  major component wi th  2.08 mole per  
cent  methane and 9 .77  carbon d ioxide ,  6.60 methane and 6.95 carbon 
d ioxide ,  and 10.8 methane wi th  2.86 carbon dioxide.  The amount o f  hydro- 
gen adsorbed was found t o  be  below t h e  d e t e c t i o n  l i m i t s  f o r  t h e  appara tus .  
A 1 1  adsorba tes  from t e r n a r y  mixtures  a r e  r epo r t ed  a s  b ina ry  s o l u t i o n s .  
An apparatus  was designed and cons t ruc ted  f o r  t h e  de te rmina t ion  
of t h e  isotherms. Volumetric methods were used t o  obtain all experi- 
mental r e s u l t s .  
The pure isotherm d a t a  f o r  carbon d ioxide  and methane were f i t t e d  
t o  smooth func t ions  us ing  a l ea s t - squa res  procedure. Of t h e  many types 
13 o f  func t ions  t r i e d ,  t h e  two-parameter Dubinin-Radushkevich form gave 
t h e  b e s t  r e s u l t s  f o r  a l l  of t h e  independent s e t s  of experimental  d a t a .  
No f i t t i n g  was done f o r  t h e  mixture  isotherms a s  t h e  number of p o i n t s  
ob ta ined  was no t  s u f f i c i e n t  t o  make a f i t t i n g  process  meaningful.  
Severa l  mix ture  adsorp t ion  models were used wi th  t h e  exper i -  
mental r e s u l t s  from t h i s  s tudy.  The Langmuir mixture  isotherm could n o t  
be  s a t i s f a c t o r i l y  f i t t e d .  The r e l a t i v e  v o l a t i l i t y  and adsorp t ion  
enhancement f a c t o r  concepts had very  l i m i t e d  u t i l i t y  . The Dubinin- 
Radushkevich equat ion a s  used f o r  mixtures  by Bering e t  a1.,5 was found 
u n s a t i s f a c t o r y .  The cons t an t s  with t h i s  equat ion were temperature depend- 
e n t  i n  c e r t a i n  ca ses  and t h e  method f o r  p r e d i c t i n g  adso rba te  composition 
gave s i g n i f i c a n t  e r r o r s .  
Using t h e  Adsorption P o t e n t i a l  Theory, a mod i f i ca t ion  of  a 
x i v  
concept o r i g i n a l l y  formalized by ~ o l a n ~ i ~ ~ ,  a  c h a r a c t e r i s t i c  curve was 
cons t ruc ted  which included t h e  adsorp t ion  isotherms f o r  pure methane 
and carbon dioxide a t  t h r e e  temperatures and f o r  p re s su re s  t o  100 PSIA. 
A c h a r a c t e r i s t i c  curve based on t h e  mixture adsorp t ion  d a t a  was shown 
t o  be e s s e n t i a l l y  t h e  same as t h a t  f o r  t he  pure components. This  
agreement shows the  genera l  u t i l i t y  of the  adsorp t ion  p r e d i c t i o n  method 
proposed by Grant and ManesP1 f o r  mixtures .  Severa l  empir ica l  models 
f o r  t h e  adsorba te  molar volume used i n  c h a r a c t e r i s t i c  curve cons t ruc t ion  
have been employed. The recommended procedure is  t h a t  which assumes t h a t  
t h e  adsorbate  mixture volume can be computed from t h e  molar volumes o f  
t h e  pure s a t u r a t e d  l i q u i d s  a t  t h e i r  normal b o i l i n g  po in t s .  
The ~ r a n t - ~ a n e s Z l  method is recommended f o r  t h e  p r e d i c t i o n  of 
mixture isotherms when no experimental d a t a  f o r  such isotherms a r e  a v a i l -  
ab le .  For p re s su re s  i n  excess  of 100 PSIA where t h e  p r e d i c t i o n  r e s u l t s  
a r e  less accu ra t e ,  an  i n d i c a t i o n  of t h e  components which a r e  over 
p red ic t ed  o r  under p red ic t ed  i s  given. 
CHAPTER I 
INTRODUCTION 
Adsorption must be considered a s  a phase equ i l i b r ium phenomenon. 
It occurs  when a s o l i d  phase is  p re sen t  w i th  a f l u i d  and c o n s i s t s  of  a 
g r e a t e r  d e n s i t y  o r  concent ra t ion  of components from t h e  f l u i d  phase on 
t h e  s o l i d  sur face .  When the  f l u i d  con ta ins  more than one spec i e s ,  t h e r e  
i s  a concen t r a t ion  inc rease  a t  the  s o l i d  su r f ace  f o r  a t  l e a s t  one of 
the components. The ma te r i a l  on the  s o l i d  su r f ace  which is  a t  a g r e a t e r  
d e n s i t y  than  t h e  f r e e  bulk phase is c a l l e d  the  adsorba te  and t h e  s o l i d  
i s  c a l l e d  t h e  adsorbent .  Depending upon p re s su re ,  temperature and 
s p e c i e s ,  t he  adsorba te  may e x i s t  a s  a s o l i d ,  l i q u i d  o r  compressed gas.  
A s  the temperature i s  decreased f o r  a n  adsorp t ion  system i n  equ i l i b r ium 
wi th  a gas phase a t  cons tan t  p re s su re ,  the  amount of adsorba te  per  u n i t  
quan t i t y  of adsorbent  w i l l  i nc rease  and t h e  adsorba te  w i l l  p a s s  through 
phase t r a n s i t i o n s .  However, even when the adsorba te  is a pure ma te r i a l ,  
t he  phase t r a n s i t i o n s  do not  occur a t  t he  same temperatures  a s  w i t h  t h e  
non-adsorbed ma te r i a l .  
The above d e s c r i p t i o n  is f o r  t h e  process  known a s  phys i ca l  adsorp- 
t i o n .  Another process  c a l l e d  chemisorption inc ludes  t h e  adsorba te  
undergoing a chemical r e a c t i o n  wi th  the  adsorbent .  I n  phys i ca l  adsorp- 
t i o n ,  t h e  adsorbent  remains chemically i n e r t  a t  a l l  t imes. The evidence 
f o r  chemisorption may be d i r e c t  o r  i n d i r e c t .  It may be obvious a s  when 
new compounds a r e  found i n  t he  desorbed ma te r i a l .  The molecular bonding 
between adsorba te  and adsorbent  is  much s t ronge r  f o r  chemisorbed 
m a t e r i a l s .  This  i s  evident  from t h e  l a r g e r  q u a n t i t i e s  of  hea t  r e l e a s e  
observed on formation of the system and t h e  more severe  condi t ions  r e -  
qu i red  t o  s epa ra t e  the components. It is  not  always a simple ma t t e r  t o  
d i s t i n g u i s h  between phys ica l  and chemical adsorpt ion.  Over the yea r s ,  
phys i ca l  adsorp t ion ,  chemisorption and ion  exchange were considered 
sepa ra t e  t op ic s .  Recently,  t he  many p o i n t s  of s i m i l a r i t y  have l ed  t o  
a l l  of these  being included i n  the  ca tegory  known a s  s o r p t i o n  processes .  
I n v e s t i g a t i o n  and measurements of  phys i ca l  adso rp t ion  were begun 
over  a century  ago. These s t u d i e s  o f t e n  involved charcoa l  a s  t h i s  ad- 
sorbent  has a h igh  capac i ty  f o r  many gases .  Measurements were made w i t h  
the  comnon gases on many d i f f e r e n t  kinds of charcoa l .  However, the  
phenomenological approach of c l a s s i c a l  thermodynamics f a i l e d  t o  y i e l d  
a genera l  understanding of t h e  d e t a i l e d  mechanism of t h e  adso rp t ion  
process.  During t h e  e a r l y  p a r t  of t h e  present  century ,  adso rp t ion  was 
f e l t  t o  be caused by some s p e c i a l  fo rce .  
It w a s  not  u n t i l  t h e  work of London i n  1930 t h a t  b e l i e f s  s h i f t e d  
toward t h e  r e a l i z a t i o n  t h a t  adsorp t ion  i s  the r e s u l t  of normal i n t e r -  
molecular fo rces .  The same in te rmolecular  fo rces  which cause adsorp- 
t i o n  govern dens it y and phase r e l a t i o n s  f o r  pure ma te r i a l s .  Thus a 
q u a n t i t a t i v e  d e s c r i p t i o n  of a n  adsorp t ion  process  c o n t r i b u t e s  d i r e c t l y  
t o  a b e t t e r  understanding of in te rmolecular  fo rces  f o r  t h e  spec i e s  in-  
volved. 
To de r ive  information on a molecular s c a l e ,  the methods of 
s t a t i s t i c a l  mechanics a r e  requi red .  To apply s t a t i s t i c a l  mechanics, i t  
is necessary t o  s tudy  systems which can  be def ined  wi th  mathematical 
p rec i s ion .  Simple molecular shapes f o r  adsorba tes  and well-defined 
homogeneous adsorbents must comprise the systems f o r  study of the  
elementary adsorption process. After  these simple sys tems a r e  f u l l y  
understood, a t t e n t i o n  can be turned t o  more complex systems involving 
heterogeneous adsorbents.  
Applications of physical  adsorption i n  complex systems were i n  
commercial use long before the nature of the forces  involved was recog- 
nized. Adsorption is a p r a c t i c a l  process f o r  the removal of t r a c e  
amounts of components from mixtures. It has proven useful  f o r  the  e l imi-  
na t ion  of color  bodies from l iqu ids  and odors from gases. It is used 
extens ively  t o  remove water vapor, carbon dioxide,  acetylene,  and 
methane from a i r  f o r  the  a i r  separa t ion  process. There a r e  a number of 
generic types of adsorbents conunercially ava i l ab le  f o r  gas processing. 
These include: 
1) Activated carbon. 
2) S i l i c a  gel .  
3) Molecular s ieves  o r  zeo l i t e s .  
4) Alumina. 
Of t h i s  group, ac t iva ted  carbon i s  known a s  a non-polar adsorbent 
a s  it does not show p r e f e r e n t i a l  adsorption f o r  polar molecules. The 
type and degree of bonding v a r i e s  wi th  each adsorbent and the  condit ions 
required f o r  adsorbate removal w i l l  d i f f e r .  Regeneration is an important 
considerat ion i n  the commercial app l i ca t ion  of adsorption. The poss ib le  
s t e p s  used f o r  desorption include: 
1) Heating the  system. 
2) Evacuating the  system. 
3) Purging the  adsorbent with a gas f r e e  of the  adsorbate mater ia l .  
A l l  commercial appl ica t ions  of adsorption a r e  involved wi th  the 
separa t ion  of components from f l u i d  mixtures. Much of the da ta  and 
most of the  design methods for  commercial adsorption sys tems have been 
developed empirical ly.  The s c i e n t i f i c  l i t e r a t u r e  contains much on the  
adsorption of pure cclmponents on many d i f f e r e n t  adsorbents.  The des i red  
goal f o r  engineering purposes is t o  develop methods t o  allow pure com- 
ponent isotherm da ta  t o  be used for  the  p red ic t ion  of equil ibrium ad- 
so rp t ion  e f f e c t s  from mixtures. It is necessary t h a t  these  techniques 
allow the  p red ic t ion  of amounts which w i l l  be adsorbed a t  any given s e t  
of pressure-temperature conditions f o r  a speci f ied  adsorbent. 
Available Experimental Methods 
Since the  isot:herm gives the r e l a t i o n  between pressure and the  
amount adsorbed with adsorbent and adsorbate a t  constant  temperature, 
it i s  apparent t h a t  the apparatus must maintain the system a t  a f ixed 
temperature. Two techniques a r e  ava i l ab le  f o r  the  experimental determina- 
t i o n  of pure gas isotherms. 
The gravimetric  technique weighs the  adsorbent which i s  f r e e l y  
suspended i n  the  gas phase. A buoyancy cor rec t ion  i s  required t o  give 
the  accuracy necessary f o r  determination of the  amount of adsorbate on 
the s o l i d .  The gravimetric  technique avoids the  need f o r  determination 
of system volumes o ther  than t h a t  of the  adsorbent. 
The volumetric method i s  based on an exact  mater ia l  balance know- 
ing the  amount of gas admitted t o  the  system and the  amount remaining i n  
the  gas phase. It is  necessary t o  know t h e  pressure,  temperature, gas 
dev ia t ion  from idea l  behavior, and system volumes. The bas ic  r e l a t i o n  
f o r  determining adsorption by the volumetric technique is 
(Gas adsorbed) = (Gas admitted t o  System) - 
(Gas i n  System Dead Space) 
The "dead space" i s  the ca l ib ra ted  gas phase volume wi th in  t h e  
adsorption system. It may a l s o  be considered a s  the  t o t a l  volume wi th in  
the  system l e s s  the  volume occupied by the  adsorbent. For a pure gas 
isotherm, a s e r i e s  of experimental values a r e  obtained by s t a r t i n g  wi th  
the  adsorbent system f u l l y  evacuated and then allowing a known amount of 
pure gas t o  e n t e r  the  system from a ca l ib ra ted  reservoi r .  Af ter  the  
pressure wi th in  the system reaches equil ibrium, the value i s  recorded 
and addi t ional  doses of gas may be admitted t o  obtain a s e r i e s  of po in t s  
r e l a t i n g  pressure t o  the amount adsorbed. Complete information i s  
ava i l ab le  on t h e  amount of gas i n  the  dead space and adsorbed phases 
a t  each s t age  of the determination. The volumetric method was used i n  
t h i s  inves t iga t ion  f o r  pure gases and mixtures. 
The ca lcu la t ion  using equation (1-1) r e s u l t s  i n  a Gibbs adsorp- 
t i o n  value. There i s  no correc t ion  made f o r  the  volume occupied by t h e  
adsorbate. The ca lcu la t ion  based on using a dead space volume l e s s  
the  volume occupied by the  adsorbate gives a r e s u l t  known as  t o t a l  ad- 
sorpt ion .  Tota l  adsorption values a re  always higher than Gibbs adsorp- 
t i o n  r e s u l t s .  The d i f ference  is not s ign i f i can t  with the  volumetric 
method u n t i l  the  component pressure is  high. It should be noted t h a t  
with the  gravimetric  method, allowing f o r  the  adsorbate volume increases  
the  buoyancy correc t ion .  
The problem of experimentally determining adsorption from mix- 
t u r e s  is more d i f f i c u l t  s ince the  adsorbate composition i s  an unknown. 
With the  volumetric method, it is not poss ib le  t o  obta in  a s e r i e s  of 
pressure and amount adsorbed values during a s ing le  experimental run. 
Two d i f fe ren t  volumetric mixture methods a r e  avai lable .  The f i r s t  in-  
volves charging a known amount of a gas mixture of known composition 
i n t o  the f u l l y  evacuated adsorption system. The gas i s  c i r cu la ted  
through the adsorbent u n t i l  pressure equil ibrium is reached while main- 
t a in ing  isothermal conditions. Af ter  equil ibrium, a sample of the  gas 
phase is  removed and analyzed without changing the  pressure on the  
adsorbent. The gas analys is  together  with a knowledge of the  pressure,  
temperature and dead space volume, and knowing the  devia t ion  from i d e a l  
gas behavior, allows the  ca lcu la t ion  of the amount of each component 
adsorbed. 
Another p o s s i b i l i t y  f o r  mixture isotherm determination,  the  
method used i n  t h i s  s tudy,  i s  t o  continuously flow the  known gas mixture 
through the  adsorbent a t  constant pressure and temperature u n t i l  the  
e f f l u e n t  gas from the adsorbent has the  same composition a s  the  feed 
gas. After  equil ibrium has been reached, a l l  gas and adsorbate i s  re -  
moved from the closed system and the  amount i s  measured and the  t o t a l  
removed gas i s  analyzed. These r e s u l t s  together  with the  knowledge of 
the  amount and composition of mixture t h a t  was i n  the  dead space a r e  
s u f f i c i e n t  t o  ca lcu la te  the  amount of each component which was adsorbed 
a t  the  experimental temperature and pressure.  
The exact  procedures used i n  t h i s  inves t iga t ion  fo r  determination 
of pure gas and mixture isotherms a r e  given i n  Appendix D. A d e t a i l e d  
desc r ip t ion  of the  apparatus i s  given i n  Chapter I1 and Appendix A. 
Activated Carbon Adsorbent 
Spec i f i ca t ion  of an adsorbent,  p a r t i c u l a r l y  heterogeneous mate r i a l s ,  
i s  usually more inaccurate than the  desc r ip t ion  f o r  the  adsorbate and 
gas phases. Chemical composition of t h e  adsorbent is only one item of 
many needed f o r  a rigorous descr ip t ion .  The nature  of the  surface  is a 
most important f ac to r .  A quan t i t a t ive  indica t ion  of the  pore s i z e s  can 
be a s  important a s  the  amount of apparent surface  area  when t r y i n g  t o  
a n t i c i p a t e  the  a c t i o n  of an  adsorbent i n  a given appl ica t ion .  In  commer- 
c i a l  p rac t i ce ,  manufacturers give t h e i r  adsorbents type designations and 
then produce them by es tabl i shed methods t o  produce a cons is tent  product. 
The adsorbent chosen f o r  t h i s  s tudy is  a microporous ac t iva ted  
carbon with a heterogeneous surface  which has been ava i l ab le  comer -  
c i a l l y  f o r  severa l  years .  It is Pi t t sburgh type BPL which is  made from 
coal .  A heterogeneous adsorbent was chosen f o r  t h i s  s tudy a s  t h i s  group 
i s  of the  g rea tes t  importance i n  mixture separat ion.  The p a r t i c u l a r  
type was chosen a s  i t  seemed f a i r l y  typ ica l  of the  severa l  ac t iva ted  
carbons ava i l ab le  and severa l  s tud ies  by o thers  employed the  same 
mate r i a l  7 ,  15, 2 1  
A s  a p a r t  of the  inves t iga t ion ,  a conventional n i t rogen BET sur -  
face determination and mercury porosimeter t e s t  were performed on a 
por t ion  of  the  carbon from the  same batch a s  tha t  used i n  the  apparatus. 
Results of these  t e s t s  and manufacturer 's da ta  f o r  t h e  ma te r i a l  a r e  
reported i n  Table 1. 
Table 1. Carbon Adsorbent C h a r a c t e r i s t i c s  
Manufacturer: P i t t s b u r g h  Activated Carbon Divis ion ,  Calgon Corp. 
Manufacturers Type BI'L 
Mesh S ize  20160 
Data from Manufacturer: Bulk Density 
P a r t i c l e  Density 
Real Densi ty  
Pore Volume 
Micropore s i z e  by water  desorp t ion  isotherm shows major p o r t i o n  
i n  t h e  18 t o  20 Angstrom diameter range. 
Data determined i n  t h i s  s tudy:  
1)  To ta l  Sur face  Area by Nitrogen BET Method w a s  967 Square 
~ e t e r s l g m .  
2) Mercury porosimeter  t e s t  showed pores beginning a t  2 micro- 
meters and extending f a i r l y  uniformly t o  smal le r  d iameters  
t o  t h e  l i m i t  of d e t e c t a b i l i t y  f o r  t h i s  t e s t  which is 35 
Angstrom u n i t s .  
The carbon w a s  crushed and s ieved  p r i o r  t o  loading i n  t h e  ad- 
sorbent  ves se l .  The amount of carbon put i n  the  appara tus  was 35.38 
grams. Many pre l iminary  isotherms f o r  t h e  t h r e e  pure gases  used were 
run before t h e  a c t u a l  record d a t a  was obtained.  A s e r i e s  of r egene ra t ion  
experiments was a l s o  run a s  repor ted  i n  Chapter I1 t o  v e r i f y  t h a t  the 
desorp t ion  technique was s a t i s f a c t o r y .  
The BET su r face  measurement performed f o r  t h i s  s tudy ind ica t ed  a 
su r f ace  a r e a  between t h e  va lue  found by Cook and t h a t  repor ted  by the  
manufacturer f o r  t h e  same adsorbent.  Based on t h e  BET su r face  a r e a  
determinat ion and the  favorable  comparison of the pure methane and carbon 
dioxide isotherms wi th  t h e  publ ished r e s u l t s  of o t h e r s  a s  d i scussed  i n  
Chapter 111, it was bel ieved t h a t  t he  carbon used f o r  t h i s  s tudy  was a 
t y p i c a l  sample. 
Scope of This  Work 
The purpose of t h i s  i n v e s t i g a t i o n  was  t o  s tudy  phys i ca l  adsorp- 
t i o n  from gas mixtures.  It was t o  l e a r n  i f  t he  amount adsorbed from 
b ina ry  and t ena ry  mixtures  could be r e l a t e d  t o  t he  pure component i s o -  
therms. It w a s  a l s o  hoped t h a t  r e l a t i o n s  could be found t o  p r e d i c t  t h e  
e f f e c t s  of p re s su re  and temperature changes on the  adso rp t ion  isotherm. 
The t h r e e  gas components chosen were hydrogen, methane, and 
carbon dioxide.  These ma te r i a l s  have d i s t i n c t l y  d i f f e r e n t  molecular 
p rope r t i e s .  Their  c r i t i c a l  temperatures d i f f e r  by over one hundred K e l -  
v i n  degrees.  The h ighly  adsorbed components a r e  methane and carbon 
dioxide. Methane i s  an approximately s p h e r i c a l  molecule; hydrogen and 
carbon d ioxide  a r e  l i n e a r  molecules. 
The p re s su re  l i m i t  chosen f o r  t h e  t e r n a r i e s  was 35 atmospheres. 
This was f e l t  t o  be adequate t o  t e s t  p r e d i c t i o n  t h e o r i e s  and cover  t h e  
range of common engineer ing  i n t e r e s t .  The b inary  mixtures  were d e t e r -  
mined t o  s i x  atmospheres which f u l l y  dup l i ca t ed  t h e  p a r t i a l  p re s su re  
range f o r  the  components i n  t h e  t e r n a r i e s .  The pure isotherms were run 
t o  seven atmospheres. 
Three temperatures  were used f o r  t h e  experiments t o  determine t h e  
e f f e c t  of temperature on adsorpt ion.  The t h r e e  temperatures  were 212.7, 
260.2, and 301.4 K. 
The t h r e e  b inary  mixtures used had the  composition ( i n  mole per  
cen t )  18.8 methane and 81.2 carbon d ioxide ;  49.8 methane and 50.2 carbon 
d ioxide ;  79.5 methane wi th  20.5 carbon dioxide.  
I n  t h e  t e r n a r y  mixtures ,  hydrogen was t h e  major component and t h e  
methane and carbon dioxide were p re sen t  i n  approximately the  same molar 
r a t i o  a s  f o r  t h e  bina.r ies  s tud ied .  The t e r n a r y  compositions were 2.075 
mole p e r  cent  methane and 9.77 carbon d ioxide ;  6.60 methane and 6.95 
carbon d ioxide ;  10.8 methane and 2.86 carbon dioxide.  Hydrogen was t h e  
remainder f o r  a l l  t h e  t e r n a r y  mixtures above. 
There a r e  no d a t a  repor ted  i n  t h e  l i t e r a t u r e  f o r  t h e  b ina ry  o r  
t e r n a r y  systems covered i n  t h i s  study. Some isotherms f o r  pure methane 
and carbon dioxide on the  same or  s i m i l a r  adsorbents  have been 
repor ted  18, 21, 22 . No o the r  i n v e s t i g a t i o n  t o  d a t e  has covered t h e  
same scope of adsorp t ion  determinat ions wi th  the  same adsorbent  sample. 
A l l  experimental  r e s u l t s  a r e  repor ted  i n  Appendix E and d iscussed  i n  
Chapter 111. 
P r e d i c t i o n  Models 
Various t h e o r e t i c a l  and empi r i ca l  methods have been proposed f o r  
the p r e d i c t i o n  of adsorp t ion  from gas mixtures.  Of these  the  empi r i ca l  
models o f f e r e d  t h e  g r e a t e r  hope f o r  success  because of t he  heterogeneous 
adsorbent  used f o r  t h i s  study. Because p r e d i c t i o n  f o r  t he  t e r n a r y  mix- 
t u r e  was a primary purpose f o r  t h i s  s tudy ,  methods l imi t ed  t o  b ina ry  
systems were not considered. Of t h e  two h ighly  adsorbed components i n  
i n  t h i s  s tudy ,  methane was above and carbon d ioxide  was below i t s  c r i t i c a l  
temperature f o r  a l l  of the  isotherms. 
The mixture p r e d i c t  ion  method which has been shown t o  g ive  good 
r e s u l t s  a t  p ressures  above atmospheric and wi th  a t  l e a s t  one of the  gas 
phase components above the c r i t i c a l  temperature is t h e  modified Polanyi  
P o t e n t i a l  Theory a s  appl ied  by Grant and Manes2'. The Polanyi  approach 
has gene ra l ly  proven succes s fu l  w i th  heterogeneous adsorbents  where o t h e r  
methods have f a i l e d .  A d i f f e r e n t  modi f ica t ion  of the Polanyi  theory  has 
been appl ied  by Bering e t  a1.' t o  b inary  mixtures below t h e  c r i t i c a l  
temperature f o r  both components at p re s su res  below one atmosphere. This 
method uses  t he  Dubinin-Radushkevich equat ion.  The method is not  l i m i t e d  
t o  binaries .  These theor ies ,  methods, and r e s u l t s  are discussed i n  de- 
t a i l  i n  Chapters I V  and V. 
A modif ica t ion  of t he   rant-Manesz1 adsorp t ion  p r e d i c t i o n  method 
was found t o  be t h e  most succes s fu l  of t h e  va r ious  approaches s tudied .  
De ta i l s  of t h i s  method and a  g raph ica l  comparison w i t h  the  experimental  
f i nd ings  of t h i s  i n v e s t i g a t i o n  a r e  presented  i n  Chapter V. 
CHAPTER I1 
EXPERIMENTAL APPARATUS 
It was necessary t o  des ign  and cons t ruc t  a n  appara tus  t o  o b t a i n  
t h e  d a t a  d e s i r e d  f o r  t h i s  study. Since it was a n t i c i p a t e d  t h a t  o ther  
adsorp t ion  problems would be s tud ied  on t h e  same equipment, t h e  des ign  
was done wi th  a view toward f l e x i b i l i t y .  The adso rp t ion  system was 
designed f o r  ope ra t ion  t o  100 atmospheres. The c r y o s t a t  system i s  
capable  of ope ra t ing  i n  t h e  temperature range from 70 t o  350 K. 
Severa l  techniques have been descr ibed  and proven succes s fu l  fo r  
t h e  de te rmina t ion  of adsorp t ion  d a t a  6 ,  7, 15, 42. The des ign  choices  
f o r  t h i s  s tudy  favored the  mechanical f e a t u r e s  app ropr i a t e  f o r  t h e  
f a b r i c a t i n g  c a p a b i l i t y  a v a i l a b l e  and a l s o  t h e  system judged t o  give t h e  
d e s i r e d  t e s t  condi t ions  wi th  t h e  g r e a t e s t  ope ra t ing  s t a b i l i t y .  
A volumetr ic  method w a s  used f o r  both the  pure gases  and t h e  
mixtures .  A s t a t i c  equi l ibr ium technique w a s  used f o r  pure  gases .  An 
open system flowing method was used f o r  mixtures .  The same p i e c e  of 
equipment wi th  necessary modi f ica t ion  was used f o r  t h e  two d i f f e r e n t  
systems. The same adsorbent  sample (35.38 gms) was used f o r  a l l  exper i -  
ments ( s ee  Table 1, Chapter 1 ) .  
A schematic diagram of  the  pure isotherm apparatus  is  shown a s  
Figure 1. The adsorbent  c e l l  is loca t ed  w i t h i n  the  c r y o s t a t .  E i t h e r  
water o r  hexane were used a s  t h e  c r y o s t a t  f l u i d  depending upon t h e  
temperature f o r  t h e  experiment. A schematic diagram of the system w i t h i n  
the  c r y o s t a t  is shown i n  Figure 24 and t h i s  wi th  a d e t a i l e d  d e s c r i p t i o n  
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Figure 1. Sohemati0 Pure I8othem System 
i s  i n  Appendix A .  The pure gas was i n  a ca l ib ra ted  rese rvo i r  submerged 
i n  a separa te  water thermostat.  The pressure and temperature devices 
are  discussed i n  d e t a i l  i n  a l a t e r  p a r t  of t h i s  chapter  and i n  Appendix 
A. Thermocouple c a l i b r a t i o n  is covered i n  Appendix B. 
For mixtures, the once-through flow technique described i n  
Chapter I was used. This choice was d ic ta t ed  by the f a c t  t h a t  the  c i r -  
cu la t ing  technique allows no contro l  over the f i n a l  pressure o r  gas 
phase composition. 
Sub-sys tems were added t o  the  pure isotherm apparatus t o  make it 
su i t ab le  f o r  the  determination of mixture isotherm po in t s  by the  flow 
technique. A gas-dome type pressure regula tor  was used t o  con t ro l  the 
feed gas pressure i n t o  the  un i t  from a commercial s t e e l  gas cyl inder .  
A heat  exchanger brought the  feed gas c lose  t o  the temperature of the  
e f f l u e n t  gas from the  adsorbent. A c o i l  wi th in  the  c r y o s t a t  brought the  
gas t o  the des i red  temperature before it entered the  adsorbent vesse l .  
From the  heat  exchanger, the  e f f l u e n t  gas went e i t h e r  through a p o s i t i v e  
displacement meter or  the  gas analys is  un i t .  For the  desorpt ion  p a r t  
of the  experiment, t h e  c ryos ta t  was removed and heaters  a t tached t o  the  
adsorbent vesse l .  The desorbed gas flowed t o  a ca l ib ra ted  sample re se r -  
v o i r  located i n  the  water thermostat.  I n  the same thermostat was t h e  
gas r e se rvo i r  used f o r  the  pure isotherms. For mixture isotherms, t h i s  
r e s e r v o i r  contained pure hydrogen sweep gas t o  purge the  adsorbent and 
a l l  system tubing t o  insure  t h a t  a l l  adsorbate had been moved t o  the  
sample reservoi r .  The sample re se rvo i r  had a mixer dr iven by a 
magneticly coupled motor. The schematic diagram f o r  the  mixture isotherm 
system is s h m n  a s  Figure 2. The analys is  of mixtures was accomplished 
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Figure 2. Sohematie Mixture Adaorption System 
wi th  a gas chromatograph. D e t a i l s  of t h i s  instrument and c a l i b r a t i o n  
information a r e  g iven  i n  Appendix C. G a s  mixture p repa ra t ion  i s  d i s -  
cussed i n  Appendix F. 
Pressure  Measurements 
Pressure  was measured by e i t h e r  mercury-in-glass manometers f o r  
pressures  below two atmospheres o r  Bourdon type gauges f o r  higher  l e v e l s .  
Vacuum below t h e  d e t e c t i o n  l i m i t s  o f t h e  manometers was checked wi th  a 
Bendix Type GTC-100 thermocouple type vacuum gauge. This  instrument had 
two de t ec to r s .  One was i n s t a l l e d  i n  t h e  vacuum manifold and t h e  o t h e r  
to the adsorbent c e l l  system. This  instrument was checked before and 
s e v e r a l  t imes dur ing  t h e  s e v e r a l  month per iod  when experiments were being 
run  by using a McLeod gauge. It w a s  always found t o  be s a t i s f a c t o r y .  
The manometers were a l l  checked i n  p lace  wi th  a cathetometer  and a 
s tandard  meter ba r ,  S e r i a l  151AU, from Gaertner  S c i e n t i f i c .  
The p re s su re  gauges were a l l  c a l i b r a t e d  by t h e  use of  an  Ashcroft  
Por tab le  Dead Weight Tes te r  manufactured by Manning, Maxwell and Moore, 
Type 1305B-100, S e r i a l  55545. The t e s t e r  was i n  new condi t ion  and t h e  
manufacturer c e r t i f i e d  t h e  accuracy t o  1/10 p e r  cen t  of i nd ica t ed  va lues .  
Pressure  gauges from t h r e e  d i f f e r e n t  manufacturers were t e s t e d .  The 
agreement of t h e  c a l i b r a t i o n  r e s u l t s  wi th  t h e  claimed accuracy of t he  
gauge manufacturers was accepted a s  i n d i r e c t  conf i rmat ion  t h a t  t h e  dead 
weight t e s t e r  had no s e r i o u s  f a u l t s .  
The i n t e r n a l  volumes of t h e  p re s su re  gauges and t h e  manometers 
were determined by helium displacement measurements made before  the 
adso rp t ion  experiments began. The p a r t i c u l a r  u n i t  which was included 
i n  the system dur ing  an experimental  s t e p  and a l l  measured va lues  
were recorded on punched cards f o r  input t o  the computer program used t o  
c a l c u l a t e  t h e  isotherms. The mercury manometer i n t e r n a l  volume was known 
as  a l i n e a r  function of pressure and t h i s  computation was made wi th in  
the  program. The i n t e r n a l  volumes f o r  the pressure gauges were found 
t o  be independent of the  pressure over the  range i n  which they were used 
and wi th in  the  accuracy of the volume determinations. 
For medium pressure i n  the  adsorption dead space, an Ashcroft 8 
inch Model 1850, 0 t o  300 PSIG t e s t  gauge P-1, was used. The gauge was 
purchased new f o r  the  apparatus. It was checked with the  dead weight 
t e s t e r  and found t o  be wi th in  the  manufacturers claim of 1/4 per  cen t  of 
range accuracy. The cor rec t ion  p l o t  f o r  t h i s  gauge is presented a s  
Figure 25 i n  Appendix A. 
High pressure gauge, P-2, used f o r  the  dead space, had been 
employed previously on a dew-point apparatus constructed by ~ c ~ a i n ~ ~ .  
It i s  a Martin Decker Model GB-10-150, S e r i a l  1175, 0 t o  1,500 PSIG 8 
inch gauge. This gauge was ca l ib ra ted  t o  1,450 PSIG. The cor rec t ion  
required t o  make it agree wi th  the  dead weight t e s t e r  was p l o t t e d  a s  a 
function of pressure with e r r o r  bars t o  allow f o r  r e a d a b i l i t y  and 
accuracy. This co r rec t ion  p l o t  i s  presented a s  Figure 26 i n  Appendix A. 
A l l  pressure gauge readings were correc ted  before use a s  input t o  com- 
puter  programs. 
Pressure gauge P-3, used on the  r e se rvo i r  f o r  gases during the 
pure isotherm measurements and f o r  hydrogen purge gas during the  mix- 
t u r e  experiments, is  a Heise Model CM-8457, 6" ,  0 t o  250 PSIG u n i t  wi th  
a claimed accuracy of 1/10 per  cent .  This claim was confirmed f o r  the  
range above 15 PSIG where the  gauge was used. This gauge was purchased 
fo r  t h i s  p ro jec t .  Since t h i s  gauge was found accurate t o  the  l i m i t s  of 
r eadab i l i ty ,  no cor rec t ion  p l o t  was required. 
Temperature Measurement and Control 
Prec is ion  mercury-in-glass thermometers were used t o  read the  
room and water thermostat temperatures. The c a l i b r a t i o n  of these  thermo- 
meters was checked when the  thermocouples were ca l ib ra ted .  A mercury 
thermal switch cont ro l led  the  water thermostat heaters .  All temperatures 
i n  tk cryos ta t  were read and contro l led  by thermocouples. 
The low temperatures f o r  the  present  s tudy a id  f u t u r e  work a n t i c i -  
pated i n  the  cryogenic region led  t o  the  choice of Type E ,  Chromel- 
3 8 Constantan thermocouples following the  recommendation of Sparks e t  a l .  . 
Two of these  thermocouples were i n s t a l l e d  i n  separa te  g lass  wel ls  i n  the  
c ryos ta t  and these  two were ca l ib ra ted  by using a platinum res i s t ance  
thermometer a s  a reference standard. De ta i l s  of the  c a l i b r a t i o n  a r e  
presented i n  Appendix B. A l l  thermocouples on the  u n i t  used a common 
water-ice reference bath. 
The ca l ib ra ted  thermocouples were read wi th  a potentiometer c i r -  
c u i t  which included a standard c e l l  made by Eppley Laboratories ,  No. 
233715, and the  following components manufactured by Leeds and Northrup: 
D. C. Null Detector ,  Catalogue No. 9834 
Standard r e s i s t o r ,  10 Ohm, No. 624178 
K-3  Universal Pontentiometer, Catalogue No. 7553-5. 
The two ca l ib ra ted  thermocouples were located wi th in  10 cm of the  
adsorption c e l l .  A t h i r d  bare thermocouple made from the  same Chromel 
and Constantan wire was i n s t a l l e d  i n  the c r y o s t a t  and used t o  record 
temperature during each isotherm experiment on a s t r i p  c h a r t  m i l l i v o l t  
recorder. 
A double junction thermocouple was made from the  same wire and 
i n s t a l l e d  bare i n  the  cryos ta t  f o r  the  purpose of con t ro l l ing  the  temper- 
a tu re .  This cont ro l  thermocouple was i n s t a l l e d  i n  s e r i e s  wi th  a galvano- 
meter and a Model 8662 potentiometer,  both manufactured by Leeds and 
Northrup. The galvanometer was the  type which re f l ec ted  a l i g h t  onto a 
f ros ted  g lass .  When the galvanomter went up-scale, i t  actuated a photo- 
c e l l  re lay  c i r c u i t  which contro l led  e i t h e r  an e l e c t r i c  heater  i n s t a l l e d  
i n  the  c ryos ta t  o r  a solenoid valve which contro l led  the  flow of l i q u i d  
ni trogen through t h e  c ryos ta t  cooling c o i l .  The potentiometer supplied 
an opposing EMF and the  system could be s e t  t o  balance a t  any des i red  
temperature, A second photocell  on the  galvanometer wi th  a holding 
re lay  kept the  system from react ing  when the  l i g h t  went too f a r  up-scale. 
The system was manually connected, t o  heat  o r  cool only, before each 
experimental run. This temperature cont ro l  system maintained the  adsorp- 
t i o n  c e l l  c ryos ta t  wi th in  0.1 Kelvin degree of t h e  s e t  temperature. 
The o r i g i n a l  adsorption vesse l  i n s t a l l e d  on the  apparatus was 
d i f f e r e n t  from the  one described i n  Appendix A and used i n  the  experi-  
ments for the reported adsorption data .  The o r i g i n a l  vesse l  contained 
f i v e  grams of carbon and included a bare thermocouple wi th in  the  c e l l  
i n  c lose  proximity t o  the  adsorbent a t  the  e f f l u e n t  end. Many pure and 
a few mixture isotherm po in t s  were determined wi th  the  o r i g i n a l  c e l l .  
The i n t e r n a l  thermocouple proved useful  because it v e r i f i e d  t h a t  t h e r e  
were no unusual temperature f luc tua t ions  near  the  adsorbent during any 
p a r t  of t h e  experimental runs. This i n t e r n a l  thermocouple was a l s o  used 
t o  v e r i f y  t h a t  the surface  temperature of the vesse l  was a s a t i s f a c t o r y  
guide t o  ind ica te  when the adsorbent had reached the  temperature re-  
quired fo r  desorptio,n. The o r i g i n a l  adsorption c e l l  was replaced by 
a l a rge r  vesse l  when an e r r o r  ana lys i s  indica ted  t h a t  the  l a rge r  than 
an t i c ipa ted  apparatus dead space volume was causing i n s u f f i c i e n t  pre- 
c i s i o n  i n  the  adsorption measurements f o r  methane a t  301.4 K. 
Adsorbent Regenerat ion 
Removal of adsorbate from the  carbon was v i t a l  i n  these  experi-  
ments. For the  pure isotherms, i t  was necessary t o  be c e r t a i n  t h a t  
e s s e n t i a l l y  no adsorbate was present  before beginning each determination 
a s  t h i s  would r e s u l t  i n  a reduced indica ted  capacity.  I n  the case of 
t h e  mixture experiments, removal and c o l l e c t i o n  of a l l  adsorbate a t  the 
end of the  contac t  period was necessary t o  determine the  amount of each 
adsorbed component. 
For the pure isotherms, the s t eps  chosen fo r  regenerat ion were 
heat ing and evacuation. A s e r i e s  of experiments was run f o r  pure carbon 
dioxide and methane isotherms t o  determine the  minimum condit ions re-  
quired f o r  regeneration. Minimum condit ions a r e  defined f o r  t h i s  study 
as  those which s u f f i c e  t o  give a subsequent isotherm determination with 
no apparent decrease i n  adsorbent capacity.  Temperatures t o  465 K and 
evacuation times t o  twelve hours were used i n i t i a l l y .  The vacuum system 
was found t o  be capable of a vacuum of 20 t o  40 mi l l i -Torr  when operat- 
ing on t h e  vacuum manifold only. This s e r i e s  of t e s t s  showed 
t h a t  th ree  hours evacuation a t  room temperature was s u f f i c i e n t  t o  
r e s t o r e  the  carbon t o  the  same condit ion a s  was achieved wi th  the  maxi- 
mum evacuation time and temperature used f o r  both the  carbon dioxide and 
methane isotherms. I n  the  case of the  methane, it was found t h a t  less 
evacuat ion time was required.  This  was thought t o  be due t o  t h e  f a c t  t h a t  
l e s s  was adsorbed a t  the  end of a methane de termina t ion  and t h e  a c t i v a -  
t i o n  energy requi red  t o  desorb methane is l e s s .  
For adsorba te  desorp t ion  a s  a p a r t  of the mixture experiments,  
the  opera t ions  employed were hea t ing  and purging. A comparable s e r i e s  
of experiments t o  those  descr ibed  above was run  beginning w i t h  mixed ad- 
so rba t e  on t h e  carbon. The v a r i a b l e s  i n  t h i s  case  were the  temperature 
t o  which adsorbent was heated and t h e  amount of hydrogen purge gas. It 
was found t h a t  hea t ing  the  adsorbent t o  360 K and sweeping wi th  a t  l e a s t  
200 cc o f  hydrogen a t  room temperature and p re s su re  w a s  s u f f i c i e n t  t o  
remove the  methane and carbon dioxide t o  a l e v e l  which would not  a f f e c t  
t he  subsequent experimental r e s u l t s .  I n  p r a c t i c e ,  t h e  adsorbent  was a l s o  
reduced t o  a pressure  below atmospheric when the adsorbent  system was 
connected t o  t he  evacuated sanple  r e s e r v o i r  as t h e  l a s t  sample was 
c o l l e c t e d .  The p re s su re  on t h e  adsorbent  was 2 PSIA o r  l e s s  f o r  the 
f i n a l  sample dur ing  a l l  mixture experiments. 
To be c e r t a i n  t h e r e  were no cumulative e f f e c t s  on the  adsorbent ,  
c e r t a i n  of the pure and mixture isotherms were repea ted  a f t e r  an  i n t e r v a l  
of a t  l e a s t  a month w i t h  many experiments run i n  between t h e s e  tests. 
These t e s t s  showed no decrease i n  adso rp t ion  capac i ty .  These runs a r e  
i d e n t i f i e d  i n  Tables 5, 7 and 11 which a r e  i n  Appendix E. 
CHAPTER 111 
EXPERIMENTAL RESULTS 
The two d i f f e r e n t  experimental isotherm methods used f o r  the  
data obtained f o r  t h i s  study have been described i n  a general  manner i n  
t h e  two previous chapters .  The d e t a i l e d  experimental procedures for  
pure and mixture isotherms a r e  given i n  Appendix D. 
A l l  isotherm values were ca lcu la ted  wi th  For t ran  programs on a 
Univac 1108 computer. The basis f o r  the  ca lcu la t ion  is a d e t a i l e d  
mater ia l  balance. I n  these ca lcu la t ions ,  the  co r rec t ion  f o r  non- 
i d e a l i t y  of the  gas phase was s i g n i f i c a n t  f o r  the higher pressures and 
t h e  two lower temperatures. This co r rec t ion  was computed from a BWR equa- 
t i o n  i n  a program sub-routine. The cor rec t ion  was made f o r  a l l  poin ts .  
32 The BWR constants  and mixture r u l e s  employed were those given by Orye . 
A l l  of the  experimental work performed was f o r  the  purpose of 
obtaining equil ibrium data. ~ r u n a u e r ~  indica tes  t h a t  the at tainment 
of equil ibrium is usua l ly  very rapid  where chemisorption is  not present .  
The pure isotherms i n  t h i s  work were a l l  repeated a t  various times t o  
check reproducibi l i ty .  With the  smaller  adsorption vesse l  described i n  
Chapter 11, a desorption point  was obtained as  a p a r t  of each pure 
isotherm experiment. The technique used when t h i s  smaller  vesse l  was on 
the  apparatus involved opening a valve when changing from a manometer t o  
a pressure gauge t o  determine the  system pressure.  When the  valve was 
opened connecting t h e  evacuated pressure gauge t o  the  system, t h e r e  was 
a decrease i n  the  system pressure,  and recording t h e  readings a f t e r  
s t a b i l i t y  was a t t a i n e d  (approximately one minute) gave a desorption 
point .  There were severa l  determinations each f o r  methane and carbon 
dioxide. It was found t h a t  the  desorption po in t s  f e l l  on t h e  f i t t e d  
isotherms f o r  a l l  cases.  This showed l ack  of hys te res i s .  It a l s o  gave 
a confirmation of equil ibrium with the  technique employed f o r  these  com- 
ponents i n  the  apparatus. 
Checks were made t o  v e r i f y  t h a t  k i n e t i c  e f f e c t s  were not present  
with the  methods and r a t e s  used. I n  t h e  determination of the  pure 
isotherms, the worst e r r o r  from k i n e t i c  e f f e c t s  would be i f  i n s u f f i c i e n t  
time were allowed before recording the  pressure.  A number of experiments 
were run i n  which the  time between readings was increased by a f a c t o r  of 
three.  There were no d i f ferences  i n  t h e  r e s u l t i n g  isotherms. For the  
mixtures, too high a flaw r a t e  could r e s u l t  i n  an  e f f l u e n t  gas t h a t  was 
not i n  equil ibrium with the  adsorbate. To v e r i f y  t h a t  such an e f f e c t  
was not occurring with the  r a t e s  used, the  feed gas r a t e  was reduced i n  
severa l  experiments, a f t e r  the  system seemed t o  be i n  equilibrium. The 
r a t e  w a s  reduced t o  ha l f  and then one f i f t h  of the  normal flow r a t e .  No 
change was observed i n  the  e f f l u e n t  gas composition with the  reduced r a t e .  
It should a l s o  be noted t h a t  i n  every mixture experiment, a f t e r  equ i l ib -  
rium is indica ted  by the  e f f luen t  gas composition being equal  t o  the  
feed gas,  there  is add i t iona l  contact  time while one t o  th ree  more 
check analyses a r e  made of the  feed and e f f l u e n t  gases. Each ana lys i s  
requi res  seven minutes. 
An attempt a t  e r r o r  analys is  was made f o r  a l l  of the  kinds of 
d a t a  obtained and reported.  This subjec t  i s  discussed i n  d e t a i l  i n  
Appendix G. The poss ib le  e r r o r  f o r  a p a r t i c u l a r  point  depends upon the  
magnitude of the measured var iables .  As a reasonable approximation, it 
is thought t h a t  the  pure isotherms f o r  methane and carbon dioxide may be 
considered t o  have a p rec i s ion  of 5 per cent .  For t h e  mixtures, the 
e r r o r s  due t o  analys is  and mult iple samp1.e~ must be added t o  the  bas ic  
system e r ro r s .  As a general  approximation, it is  f e l t  t h a t  the  methane 
adsorption values reported f o r  binary and ternary  mixtures a r e  accurate 
t o  8 per  cent  and the  carbon dioxide values a r e  accurate t o  6 pe r  cent .  
The experimental r e p r o d u c i b i l i t i e s  f o r  the  isotherm da ta  i s  approximately 
ha l f  the amounts indicated.  
It was suspected during the planning s tage  and then confirmed 
during t h e  t e rna ry  mixture experiments t h a t  the  amount of hydrogen ad- 
sorbed would be too  small t o  measure accura te ly  with the  system. How- 
ever ,  it was apparent from c e r t a i n  of the high pressure-medium tempera- 
t u r e  experiments t h a t  an  observable amount of hydrogen was being ad- 
sorbed. This was apparent because the  f i r s t  desorption-depressuriza- 
t i o n  sample had a lower methane and carbon dioxide concentrat ion than 
t h e  feed gas. Attempts t o  ca lcu la te  the  amount of hydrogen adsorbed 
f o r  severa l  of the  experimental t e s t s  indicated a quant i ty  of the  same 
order of magnitude a s  the  measurement p rec i s ion  l i m i t s  f o r  the  system. 
Af ter  t h i s  f inding,  the  te rnary  mixtures were a l l  computed wi th  the  
assumption t h a t  the  amount of hydrogen adsorbed was ins ign i f i can t .  Thus 
a l l  adsorbates reported f o r  binary and ternary  gas mixtures a r e  shown 
as  binary solu t ions .  
Pure Isotherms 
The experimental pure isotherm values determined for  methane and 
carbon dioxide are  i n  Appendix E i n  Tables 6 and 8. The pure isotherms 
were determined t o  approximately 100 PSIG f o r  each of  t h e  gases  a t  each 
o f  t h e  t h r e e  experimc2ntal temperatures .  
It was decided t o  f i t  each o f  t h e  d a t a  s e t s  with a smooth func t ion .  
This  was t o  s e r v e  two purposes: f i r s t  t o  determine t h e  s c a t t e r  of t h e  
d a t a  and second t o  provide a convenient t o o l  f o r  t h e  c a l c u l a t i o n  of pure 
isotherm va lues .  A ] .east-squares f i t t i n g  program was used t o  f i n d  t h e  
b e s t  equat ion f o r  each isotherm wi thout  any a t tempt  a t  temperature c o r r e -  
l a t i o n .  The f i r s t  func t ion  t r i e d  was a power s e r i e s  wi th  t h e  c o n s t r a i n t  
t h a t  i t  must pass through t h e  o r i g i n .  For t h e  s ix  i so thersm involved,  
i t  was found t h a t  s i x  t o  n i n e  terms were r equ i r ed  wi th  each of t h e  
f i t t e d  equat ions t o  reduce t h e  dev ia t ions  from t h e  power s e r i e s  t o  t h e  
est imated accuracy f o r  t h e  d a t a .  The inconvenience of so  many terms t o  
achieve  a merely accep tab le  approximation was cause t o  t u r n  t o  o t h e r  
func t iona l  forms. The forms chosen were those  which con ta in  only two 
cons t an t s  and have been succes s fu l  i n  f i t t i n g  o t h e r  isotherms f o r  
heterogeneous adsorbents  . The func t ions  t r i e d  included : 
where N i s  t h e  moles of adso rba t e  corresponding t o  a p re s su re  P and N* 
i s  a nominal monolayer of adsorba te  on t h e  adsorbent .  b i s  a cons t an t  
f o r  each isotherm. 
where k and k2 a r e  cons t an t s  t o  be solved f o r  each d a t a  s e t .  1 
P i s  t h e  component vapor pressure .  
S 
Equation (111-1) i s  t h e  form of t h e  Langmuir isotherm. The c a l -  
c u l a t i o n  f o r  t h e  cons t an t s  was done by hand. It  w a s  found t h a t  t h e  f i t  
was very poor over t h e  pressure  range f o r  a l l  of t h e  d a t a  s e t s .  Equa- 
t i o n  (111-2) through (111-4) were l e a s t  squares  f i t t e d  with t h e  u s e  of 
a computer program which ca l cu la t ed  t h e  devia t ions  f o r  each of t h e  ind i -  
v idua l  i npu t  p o i n t s  and a l s o  computed an o v e r a l l  dev ia t ion  c r i t e r i o n  f o r  
t h e  f i t t e d  equat ion based on t h e  complete input  s e t .  The dev ia t ion  func- 
t i o n  used w a s  
where D. a r e  t h e  ind iv idua l  per  c e n t  dev ia t ions  between inpu t  and c a l -  
1 
cu la t ed  amounts adsorbed when p re s su re  was used a s  t he  independent 
v a r i a b l e .  The values used f o r  P depend on t h e  compound and t h e  tempera- s 
t u r e  and t h e s e  va lues  a r e  shown i n  Table 2 ,  Chapter V .  Although t h e  
n a t u r a l  logari thm of  t h e  va lues  f o r  N and P o r  Ps/P were f i t t e d ,  o was 
a l s o  ca l cu la t ed  a f t e r  convert ing t h e  ca l cu la t ed  v a r i a b l e s  from t h e  
f i t t e d  equat ions t o  an t i logar i thms so they were i n  t h e  same form a s  t he  
o r i g i n a l  experimental da t a .  Because of  t h e  n a t u r e  of  t h e  logar i thm 
funct ion ,  va lues  f o r  dev ia t ions  wi th  t h e  v a r i a b l e s  l e f t  as logari thms 
were extremely e r r a t i c  when va lues  f o r  t h e  logari thm arguments were 
n e a r  one. 
The dev ia t ions  f o r  equat ion  (111-2) were somewhat beyond t h e  
est imated accuracy f o r  the  isotherms.  Most of t h e  dev ia t ions  wi th  
equat ion (111-3) were w i t h i n  t h e  est imated isotherm accuracy. The 
dev ia t ion  c r i t e r i o n  f o r  equat ion (111-4) was ha l f  t h a t  f o r  equat ion 
(111-3) and over  70 per  c e n t  of  a l l  o f  t h e  p o i n t s  had dev ia t ions  l e s s  
than h a l f  t h e  est imated isotherm accuracy.  On t h i s  b a s i s ,  equat ion ( I I I -  
4 )  was found t o  g i v e  t h e  b e s t  f i t s  f o r  a l l  six methane and carbon d iox ide  
isotherms.  Values f o r  k and k a r e  presented i n  Table 5 i n  Appendix E. 1 2 
Values f o r  P a r e  i n  Table 2 i n  Chapter V.  I n  t h i s  type  of  s i t u a t i o n ,  
S 
when a func t ion  i s  found which s a t i s f i e s  a l l  o f  t h e  experimental d a t a  
wi th in  t h e  accuracy of each of t h e  experimental po in t s ,  nothing i s  gained 
by searching  f u r t h e r  f o r  a func t ion  wi th  l e s s  dev ia t ion .  However, i t  
must be  noted t h a t  because a smooth f i t  is  obta ined  does no t  n e c e s s a r i l y  
prove anything o f  a genera l  n a t u r e  wi th  r e s p e c t  t o  t h e  f i t t e d  equat ion 
o r  t h e  mechanisms involved. 
The experimental p o i n t s  and t h e  curve f o r  t h e  b e s t - f i t t e d  equat ion  
f o r  t h e  methane and carbon d ioxide  isotherms a r e  shown i n  F igures  3 through 
8. 
Hydrogen isotherms were determined and a r e  presented  i n  F igu re  9 .  
These va lues  d i d  n o t  f i t  w e l l  on t h e  c h a r a c t e r i s t i c  curve  t o  b e  d iscussed  
l a t e r .  They were n o t  used i n  connect ion wi th  any of t h e  p r e d i c t i o n  c a l -  
c u l a t i o n s .  The accuracy of t h e  hydrogen isotherm va lues  is  be l i eved  t o  
be  on t h e  order  of  9' per  c e n t .  
Mixture Isotherms 
Unlike t h e  pure  isotherm experiments which produced a series of  
adsorp t ion  va lues  and p re s su res  f o r  each t e s t ,  a mixture  isotherm exper i -  
ment y i e l d s  b u t  one v a l u e  each f o r  methane and carbon d iox ide  a t  t h e  
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Figure 5. Methane Isotherm at 212.7 K 
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Figure 7 .  Carbon Dioxide Isotherm a t  260.2 K 
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Figure 9. Hydrogen Isotherm a t  301.4 K ,  260.2 K and 212.7 K 
i n v e s t i g a t i o n ,  i t  was thought t h a t  a minimum of t h r e e  experiments would 
be  s u f f i c i e n t  t o  determine t h e  mixture isotherms s i n c e  t h e  o r i g i n  could 
be considered a fou r th  po in t .  Some of t h e  experiments were dup l i ca t ed  
t o  l e a r n  experimental r e p r o d u c i b i l i t y  and t o  v e r i f y  t h a t  t h e  adsorbent  
had not  been a f f e c t e d  by t h e  experiments o r  i n s u f f i c i e n t  r egene ra t ion .  
The number of p o i n t s  obtained f o r  t h e  mixture  isotherms was n o t  
s u f f i c i e n t  t o  make curve f i t t i n g  by a l e a s t  squares  procedure meaningful.  
The experimental va lues  f o r  mixture adsorp t ion  a r e  presented i n  Appendix 
E i n  Table 10 f o r  b i n a r i e s  and Table 11 f o r  t e r n a r i e s .  These va lues  
a r e  also shown g raph ica l ly  i n  Figures  11 t o  23 i n  Chapter V i n  connec- 
t i o n  wi th  t h e  p re sen ta t ion  of a p r e d i c t i o n  method. 
Comparison of Resul t s  with Others - 
The pure methane and carbon d ioxide  isotherms were compared w i t h  
t h e  published r e s u l t s  found by o t h e r s .  These checks were made i n  t h e  
reg ion  near  100 PSIA where d i f f e r ences  would be most s i g n i f i c a n t .  Only 
t h e  301.4 K isotherms could be  compared as no d a t a  were found f o r  com- 
pa rab le  carbons a t  t:he o the r  temperatures .  Even f o r  t h e  isotherms com- 
pared,  a small  amount of  temperature i n t e r p o l a t i o n  was r equ i r ed  wi th  
some of t h e  sources.  
The methane isotherm i s  e s s e n t i a l l y  t h e  same a s  t h a t  determined by 
Grant and Manes2' who used t h e  same carbon. It i s  below t h e  capac i ty  
shown by ~ o n z a l e z ' ~  and Has= and ~ a r r e r e ' ~  who used a d i f f e r e n t  propr ie -  
t a r y  a c t i v a t e d  carbon. The d i f f e rences  found were wi th in  t h e  expecta- 
t i o n  a f t e r  a l lowing f o r  experimental e r r o r  and carbon s u r f a c e  a rea .  
The 301.4 K carbon d ioxide  isotherm was found t o  be  below t h a t  
o f  Hasz and ~ a r r e r e * ~  and approximately 3 per  cent  above t h e  va lues  shown 
by ~ o n z a l e r l ~ .  Again t h e  d i f f e r e n c e s  were wi th in  the allowances f o r  
experimental e r r o r  and s u r f a c e  a rea .  
No publ ished adsorp t ion  values could be found f o r  t h e  b ina ry  
o r  t e r n a r y  gas mixtures  covered i n  t h i s  i n v e s t i g a t i o n .  
THEORY 
It has been recognized f o r  many years  t h a t  phys ica l  adsorp t ion  i s  
t he  r e s u l t  of normal molecular i n t e r a c t i o n s  and is no t  caused by a s p e c i a l  
adsorp t ion  force .  The major causes o f  such adsorp t ion  are known a s  Ifvan 
de r  Waals" o r  d i spe r s ion  fo rces .  They are t h e  same p o t e n t i a l s  which 
govern phase equi l ibr ium and dens i ty  func t ions  f o r  f l u i d s .  However, 
knowing t h a t  adsorp t ion  i s  not  caused by a d i f f e r e n t  type  of f o r c e  does 
n o t  g r e a t l y  s imp l i fy  t h e  problem. A t  l e a s t  two o r  more spec i e s  and t h r e e  
e f f e c t i v e  phases a r e  p re sen t  s imultaneously i n  any adsorp t ion  system. 
Thus a model cannot be  e a s i l y  descr ibed  wi th  mathematical accuracy by 
the  s t a t i s t i c a l  thermodynamicist. Added t o  t h e  complicat ions a r e  mob i l i t y  
of t h e  adsorba te  and t h e  f a c t  t h a t  a t r u l y  homogeneous su r f ace  on a 
molecular s c a l e  i s  almost impossible  t o  achieve.  The mathematical simu- 
l a t i o n  of a heterogeneous s u r f a c e  i s  a f a r  more involved problem. Thus 
t h e  c u r r e n t  preoccupation of  t h e  phys ica l  chemist i s  wi th  systems which 
approach t h e  i d e a l  from a s tandpoin t  of  mechanisms and shapes.  For 
t h e  adsorba te ,  monatomic o r  simple s p h e r i c a l  molecules a r e  p re fe r r ed .  
For t h e  adsorbent ,  a completely i n e r t  s o l i d  wi th  a reasonably we l l  under- 
s tood  l a t t i c e  s t r u c t u r e  and a p lanar  s u r f a c e  i s  chosen. These systems 
l ead  t o  a c l e a r e r  p i c t u r e  of t h e  d e t a i l e d  adsorp t ion  mechanism. They 
can a l s o  y i e l d  second v i r i a l  c o e f f i c i e n t s  when d a t a  a r e  obta ined  i n  t h e  
very low p res su re  reg ion  where t h e  isotherm fol lows Henry's Law which i s  : 
N = kP (IV-1) 
where N i s  t h e  a m u n t  adsorbed, P is t h e  abso lu t e  p re s su re  and k i s  con- 
s t a n t  determined by experiment. 
Polanyi  P o t e n t i a l  Theory 
In  1916, ~ o l a n ~ i ~ ~  developed a  proposal  which he had publ ished two 
years  e a r l i e r 3 3  t h a t  suggested a  new avenue of  a t t a c k  on t h e  problem. H i s  
theory r e l a t e d  t h e  amount adsorbed t o  a  volume surrounding t h e  absorbent .  
35. He r e s t a t e d  h i s  assumptions many yea r s  l a t e r  i n  1963 when he s a i d  . 
Adsorption of gases  on s o l i d s  is due t o  an a t t r a c t i o n  t h a t  d e r i v e s  
from a p o t e n t i a l  which i s  uniquely determined by t h e  s p a t i a l  p o s i t i o n  
of t h e  gas molecule and t h e r e f o r e  independent of t h e  presence of any 
o t h e r  molecules i n  t h e  f i e l d  of adsorp t ion  p o t e n t i a l .  When s u b j e c t  
t o  t h e  f i e l d  of  adsorp t ion ,  t h e  gas behaves i n  accordance with i t s  
normal equat ion o f  s t a t e .  When compressed t o  i t s  " sa tu ra t ed t t  vapor 
d e n s i t y ,  i t  condenses t o  a  l i qu id .*  
In t h e  1916 paper ,  Polanyi included experimental v e r i f i c a t i o n  f o r  
h i s  theory .  H i s  adsorp t ion  p o t e n t i a l  was defined a s  t h e  energy r e q u i r e -  
ment f o r  t h e  t r a n s f e r  o f  one mole of  component from t h e  gas t o  t h e  ad- 
sorbed phase. This energy requirement i s  e s s e n t i a l l y  a work of  compres- 
s i o n  given by 
- G 
Where e i s  t h e  adsorp t ion  p o t e n t i a l  V i s  gas phase molar volume 
and $ is  adsorba te  molar volume. I f  t h e  component fol lows t h e  i d e a l  
gas equat ion of  s t a t e ,  then  t h e  adsorp t ion  p o t e n t i a l  may be  expressed a s  
*The work ' s a t u r a t e d 1  above has been s u b s t i t u t e d  f o r  t h e  word 'normal' 
which appears  i n  t h e  o r i g i n a l  t e x t .  
s = RT Rn(Ps/P) ( I V - 3 )  
where R i s  the  gas cons tan t  and T a  thermodynamic temperature.  The 
adsorp t ion  p o t e n t i a l  was f u r t h e r  a s s e r t e d  t o  b e  a  unique func t ion  of t h e  
adsorba te  volume Nij f o r  t h e  p a r t i c u l a r  adsorbent  g iv ing  
The e x p l i c i t  r e l a t i o n  between adsorp t ion  p o t e n t i a l  and adsorba te  
volume i s  r e f e r r e d  t c  a s  t h e  c h a r a c t e r i s t i c  curve f o r  t h e  adsorbent .  
Polanyi  went on t o  p o s t u l a t e  t h a t  t h e r e  was a  unique r e l a t i o n  between 
t h e  adsorp t ion  p o t e n t i a l  e and t h e  adso rba te  dens i ty .  H e  t r i e d  t o  
al low f o r  v a r i a t i o n s  i n  t h e  d e n s i t y  of t h e  adsorba te  by ass igning  a  
s e r i e s  of zones wi th in  t h e  adsorp t ion  volume. This technique made t h e  
cons t ruc t ion  of t h e  c h a r a c t e r i s t i c  curve an  i t e r a t i v e  procedure. The 
f a c t  t h a t  Polanyi  d id  n o t  r e l a t e  h i s  theory t o  a  p a r t i c u l a r  mathematical 
form f o r  t h e  isotherm was t h e  f i r s t  s t rong  p o i n t  favor ing  h i s  approach. 
The establ ishment  of  a b a s i s  f o r  t h e  e f f e c t  of temperature on t h e  ad- 
so rp t ion  isotherm was an a d d i t i o n a l  f a c t o r  which ind ica t ed  t h e  proposa l  
was a  s i g n i f i c a n t  con t r ibu t ion  t o  adsorp t ion  theory.  
~ e r e n ~ i l  i n  1920 con t r ibu ted  t o  Polanyi  Theory by showing how t o  
u s e  t h e  van d e r  Waals equat ion a s  a more a c c u r a t e  r e p r e s e n t a t i o n  o f  t h e  
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adso rba t e  dens i ty .  Berenyi a l s o  cons t ruc ted  many c h a r a c t e r i s t i c  curves  
f o r  d i f f e r e n t  substances approaching b u t  below t h e  c r i t i c a l  temperature.  
In  1927, Lowy and 0 1 m s t e a d ~ ~  d i d  a  c a r e f u l  s tudy o f  t h e  Polanyi  Theory 
us ing  carbon d iox ide  d a t a  from var ious  sources .  They cons t ruc ted  many 
c h a r a c t e r i s t i c  curves f o r  carbon d iox ide  wi th  d i f f e r e n t  adsorbents .  
They cons t ruc ted  t h e  f i r s t  c h a r a c t e r i s t i c  curve us ing  d a t a  above and 
below t h e  adsorba te  c r i t i c a l  temperature.  
Although cons t ruc t ion  of  t h e  Polanyi c h a r a c t e r i s t i c  curve  f o r  
an  adsorbate-adsorbent combination was ted ious  because of  t h e  i t e r a t i v e  
procedures requi red  t o  a s s i g n  adso rba te  d e n s i t y ,  i t  neve r the l e s s  seemed 
warranted a s  it o f fe red  t h e  only r o u t e  t o  l e a r n  the  dependence of ad- 
s o r p t i o n  on temperature.  Polanyi and ~ o l d m a n ' ~  i n  1928 showed t h e  
temperature i nva r i ance  of t h e  c h a r a c t e r i s t i c  curve f o r  each o f  four  
d i f f e r e n t  compounds, a l l  below t h e i r  c r i t i c a l  temperatures ,  u s ing  
isotherms they determined a t  t h r e e  o r  f o u r  d i f f e r e n t  temperatures  f o r  
each compound. A disagreement w i th in  t h e  s c i e n t i f i c  community on t h e  
exac t  n a t u r e  of t h e  molecular fo rces  i n  adsorp t ion  caused s i g n i f i c a n t  
r e s i s t a n c e  t o  t h e  acceptance of t h e  Polanyi  P o t e n t i a l  Theory. By 1931, 
t h e  n a t u r e  o f  d i spe r s ion  forces  was b e t t e r  understood. I n  a survey 
paper a t  t h a t  t ime,  ~ o l a n ~ i ~ ~  r e l a t e d  t h e  adsorp t ion  p o t e n t i a l  t o  molecular 
p o l a r i z a b i l i t y  and i o n i z a t i o n  p o t e n t i a l  o r  more approximately t o  t h e  van 
d e r  Waals cons tan t  ' a ' .  
Development o f  t h e  P o t e n t i a l  Theory 
The Polanyi  P o t e n t i a l  Theory rece ived  only minor a t t e n t i o n  u n t i l  
a f t e r  World War I1 when Dubinin and ~ i m o f e ~ e v l '  noted t h a t  c h a r a c t e r i s t i c  
curves f o r  d i f f e r e n t  substances on t h e  same adsorbent  had s i m i l a r  shapes.  
They suggested t h a t  , the adsorp t ion  p o t e n t i a l  should b e  def ined  as 
where 0 was c a l l e d  t h e  a f f i n i t y  c o e f f i c i e n t  and was understood t o  be a 
proper ty  of t h e  adsorba te .  This r e l a t i o n s h i p  def ined  a new c h a r a c t e r i s t i c  
curve e x p l i c i t l y  r e l a t i n g  s t o  t h e  volume o f  adsorba te  p e r  u n i t  of 
adsorbent .  This new adsorp t ion  p o t e n t i a l  allowed a s i n g l e  c h a r a c t e r i s t i c  
curve  t o  show many adsorbed substances on t h e  same adsorbent.  This  new 
d e f i n i t i o n  of t h e  adsorp t ion  p o t e n t i a l  i n  e f f e c t  advanced t h e  P o t e n t i a l  
Theory of Polanyi t o  t h e  po in t  of saying t h a t  equal adsorbed volumes 
f o r  d i f f e r e n t  adsorbed substances would have equal  adsorp t ion  p o t e n t i a l s .  
Dubinin and Timofeyev went on t o  e s t a b l i s h  experimental proof f o r  t h e i r  
equ i -po ten t i a l  modi f ica t ion  o f  t h e  Polanyi  P o t e n t i a l  Theory by graphic-  
a l l y  determining va lues  f o r  a group of s i x t e e n  compounds below t h e i r  
c r i t i c a l  temperature on two carbon adsorbents .  They a l s o  determined B 
values  fo r  t h r e e  compounds from isotherms publ ished by o t h e r s .  A s  a 
p a r t  of t h i s  same work, they  s tud ied  seve ra l  phys ica l  p r o p e r t i e s  and 
attempted t o  c o r r e l a t e  them wi th  t h e  va lues  found f o r  8. Thei r  recommenda- 
t i o n  was t h a t  t h e  adsorba te  molar volume was t h e  b e s t  p roper ty  t o  u s e  f o r  
t h e  a f f i n i t y  c o e f f i c i e n t .  
I n  1950, Lewis -- e t  made a s e r i e s  of adsorp t ion  s t u d i e s .  I n  
at tempting t o  c o r r e l a t e  t h e i r  d a t a ,  they found most of t h e  t h e o r i e s  
which included s p e c i f i c  isotherm equat ions f a i l e d  t o  f i t  t h e i r  r e s u l t s .  
I n  s tudying t h e  Polanyi  Theory, they noted t h a t  t h e  Polanyi  adso rp t ion  
p o t e n t i a l  was a c t u a l l y  a Gibbs f r e e  energy change f o r  t h e  adsorba te  
from t h e  gas t o  t h e  condensed phase. Thus t h e  same adso rp t ion  p o t e n t i a l  
f o r  two adsorba tes  would be  
which i s  equat ing t h e  f r e e  energ ies  f o r  t h e  amounts adsorbed per  u n i t  
amount of adsorbent.  Then not ing  t h e  adsorp t ion  P o t e n t i a l  Theory 
requirement f o r  equal  volumes of adsorba te  a t  equal p o t e n t i a l s ,  they 
wrote 
(IV- 7)  
Dividing equat ion (IV-6)by equat ion  (IV-7) gave a  d e f i n i t i o n  f o r  
t h e  adsorp t ion  p o t e n t i a l  c o n s i s t e n t  wi th  t h e  recommendation of  Dubinin 
and ~ i m o f e ~ e v l l .  Because a l l  of  t h e i r  adsorp t ion  d a t a  was a t  t h e  same 
temperature,  they a l s o  divided t h e i r  adsorp t ion  p o t e n t i a l  by RT g iv ing  
This  p a r t i c u l a r  approach t o  t h e  adsorp t ion  p o t e n t i a l  c l e a r l y  re- 
q u i r e s  t h e  same adsorba te  molar volume va lue  f t o  be used f o r  t h e  o r d i n a t e  
and absc i s sa  of t h e  c h a r a c t e r i s t i c  curve. This c o n s t r a i n t  does n o t  
apply t o  t h e  Dubinin approach t o  Adsorption P o t e n t i a l  Theory a s  i nd ica t ed  
i n  equat ion (IV-5). Because equat ion (IV-6) should u s e  f u g a c i t i e s  i n -  
s t e a d  of pressures  t o  be thermodynamically c o r r e c t ,  t h e  r e l a t i o n  f o r  t h e  
adsorp t ion  p o t e n t i a l  w a s  modified by Lewis -- e t  a ~ . ' ~  t o  
They p l o t t e d  adsorp t ion  p o t e n t i a l  e a s  t h e  a b s c i s s a  and N 
j i i 
a s  t h e  o r d i n a t e  f o r  t h e i r  8 pure  hydrocarbon isotherms on two d i f f e r e n t  
a c t i v a t e d  carbons. The isotherms were a t  t h e  same temperature.  One o f  
t h e  hydrocarbons, methane was above i ts  c r i t i c a l  temperature and a l l  of 
t h e  r e s t  were below. 
Two methods were t r i e d  f o r  t h e  o rd ina t e ,  ~, of t h e  c h a r a c t e r i s t i c  
curve. When t h e  s a t u r a t e d  l i q u i d  molar volume a t  t h e  temperature of t he  
isotherms was used f o r  t h e  adsorba tes ,  s e p a r a t e  curves were found. When 
a molar volume equal  t o  t h a t  o f  t h e  s a t u r a t e d  l i q u i d  a t  t h e  adsorp t ion  
p re s su re  was used,  a s i n g l e  c h a r a c t e r i s t i c  curve f o r  each of t h e  two 
carbons r e s u l t e d .  However, t hese  curves d id  d i v i d e  a t  t h e  low p res su re  
and i n t o  two s e p a r a t e  curves f o r  t h e  s a t u r a t e d  and unsa tura ted  hydrocarbons 
with each of t h e  carbons. 
I n  1962, Grant e t  a1 .I9 determined isotherms f o r  f i v e  d i f f e r e n t  
p a r a f f i n i c  hydrocarbons a t  t h r e e  d i f f e r e n t  temperatures on P i t t sbu rgh  BPL 
carbon above and below t h e  c r i t i c a l  temperatures .  Using an adsorba te  
mol a r  volume equal t o  t h e  sa tu ra t ed  l i q u i d  d e n s i t y  a t  adsorp t ion  p re s su re ,  
they  were a b l e  t o  c o n s t r u c t  a s i n g l e  c h a r a c t e r i s t i c  curve f o r  a l l  f i v e  
compounds. La ter  Grant and Manesro extended t h e  s tudy t o  n i t rogen ,  
argon and o the r  gases  f o r  temperatures above and below t h e  c r i t i c a l  a t  
low pressures .  It was found t h a t  hydrogen and neon d id  n o t  c o r r e l a t e  
w i th  t h e  o ther  ma te r i a l s .  Otherwise a s i n g l e  curve was s a t i s f a c t o r y  f o r  
a l l  o f  t h e  da t a .  I n  t h i s  work they used a n  adsorba te  molar volume equal  
t o  t h e  sa tu ra t ed  l i q u i d  a t  t h e  normal b o i l i n g  po in t  f o r  bo th  t h e  a b s c i s s a  
and o r d i n a t e  v a r i a b l e s  f o r  t h e  e n t i r e  range of da t a .  
The p o s s i b i l i t y  t h a t  a s i n g l e  c h a r a c t e r i s t i c  curve  could b e  con- 
s t r u c t e d  which would e s t a b l i s h  t h e  e f f e c t  of temperature on t h e  adsorp- 
t i o n  isotherm and a l low t h e  p red ic t ion  of isotherms f o r  pure components 
based on t h e i r  phys ica l  p r o p e r t i e s  gave a new impetus t o  s tudy  of t h e  
Adsorption P o t e n t i a l  Theory. The empir ica l  assignment of adso rba t e  
molar volume seems t h e  key t o  a d i r e c t  method f o r  reducing t h e  Adsorption 
P o t e n t i a l  Theory t o  a p r a c t i c a l  procedure. 
A c h a r a c t e r i s t i c  curve cons t ruc ted  from t h e  pure methane and 
carbon d ioxide  isotherms of t h i s  s tudy i s  presented a s  Figure 10. This 
f i g u r e  shows adsorba te  volume per  u n i t  o f  adsorbent  a s  t h e  o r d i n a t e .  
For t h i s  p l o t  t h e  adsorba te  molar volumes used i n  both o r d i n a t e  and 
absc i s sa  a r e  t h e  va lues  corresponding t o  t h a t  of t h e  s a t u r a t e d  l i q u i d  
a t  i t s  normal b o i l i n g  po in t .  The v a l u e  f o r  N i n  t h e  o r d i n a t e  i s  m i l l i -  
gram-moles per  gram of adsorbent  ca l cu la t ed  from t h e  f i t t e d  isotherm equa- 
t i o n s  a t  p ressure  increments.  The p re s su re  was converted t o  fugac i ty  i n  
a subrout ine  of t h e  For t ran  program used f o r  c a l c u l a t i o n  o f  t h e  co r r e s -  
ponding adsorp t ion  p o t e n t i a l .  The adsorp t ion  p o t e n t i a l  i s  shown d iv ided  
by t h e  cons tan t  R. A l l  o f  t h e  c h a r a c t e r i s t i c  curves i n  t h i s  work u s e  an 
adsorp t ion  p o t e n t i a l  which does no t  i nc lude  t h e  gas cons tan t  R. A l l  o f  
t h e  va lues  used t o  compute t h e  v a r i a b l e s  f o r  Figure 10 a r e  presented i n  
Table 2 i n  Chapter V and i n  Appendix E. 
The adsorp t ion  coverages used f o r  t h e  c a l c u l a t e d  v a r i a b l e s  com- 
puted i n  t h e  cons t ruc t ion  of Figure 10 a r e  t he  same as t h e  ranges  of  
t h e  isotherm experiments.  The p l o t t e d  po in t s  of t h i s  Adsorption 
P o t e n t i a l  c h a r a c t e r i s t i c  curve show a n  overlapping of  t h e  s i x  d a t a  s e t s .  
This  overlapping occurs  with r e spec t  t o  t h e  two d i f f e r e n t  spec i e s  and 
temperatures f o r  t h e  d a t a  sets. 
I n  1969, Hasz and ~ a r r e r e ~ *  determined adsorp t ion  d a t a  f o r  a 
s e r i e s  of hydrocarbons and carbon d iox ide  a t  t h e  s i n g l e  temperature of 
77°F on a c t i v a t e d  carbon. They cons t ruc ted  a s i n g l e  c h a r a c t e r i s t i c  
curve us ing  adsorba te  molar volume of l i q u i d  a t  t h e  normal b o i l i n g  p o i n t  
wi th  a c o r r e c t i o n  f a c t o r  which they determined empi r i ca l ly  as a func t ion  
of  t h e  reduced temperature.  
This curve i s  based on V at  the normal 
boil ing point. 
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Figure 10. Adsorption Potential Theory Characteristic Curve. 
4 0 Tol les  e t  a l .  c a r r i e d  o u t  a s tudy on t h e  adsorp t ion  o f  s i x  com- 
pounds below t h e i r  temperature on var ious  heterogeneous carbon 
adsorbents  inc luding  P i t t sbu rg  type  BPL. They c o r r e l a t e d  a f f i n i t y  
c o e f f i c i e n t  wi th  molar r e f r a c t i o n ,  p o l a r i z a b i l i t y ,  molar parachor,  and 
l i q u i d  molar volume a t  t h e  adsorp t ion  temperature.  They found t h a t  t h e  
parachor was s l i g h t l y  b e t t e r  than molar volume a s  Dubinin e t  a l . l 0  had 
found i n  t h e  e a r l i e r  work. 
Applicat ions of Polanyi Theory t o  Mixtures 
I n  1965, Grant and Manes2' s tud ied  adsorp t ion  of b inary  mixtures  
of methane a s  t he  major component with 2 per cent  or  l e s s  propane, butane,  
o r  hexane t o  1000 PSIA on P i t t sbu rgh  BPL carbon. They determined a l l  t h e  
mixture isotherms a t  25°C which i s  above t h e  c r i t i c a l  f o r  methane and 
below t h a t  f o r  a l l  t h e  o t h e r  components. Following t h e  w r i t i n g s  of 
Dubinin which a s s e r t e d  t h a t  t h e  adsorp t ion  p o t e n t i a l s  f o r  a l l  components 
must be  equal  a t  equi l ibr ium wi th in  a system, they app l i ed  t h e  Lewis-Randal 
fugac i ty  r u l e  t o  equat ion (IV-9) and divided by temperature t o  ob ta in  
When t h e  p re s su re ,  temperature,  gas phase composition and molar volumes 
f o r  s a t u r a t e d  l i q u i d  absorba te  a r e  known, equat ion (IV-10) may be so lved  
f o r  t h e  adsorba te  composition of a b ina ry  because 
Grant and Manes used a n  empir ica l  d e f i n i t i o n  f o r  a pseudo-pressure 
and employed s a t u r a t e d  l i q u i d  molar volumes a t  a pressure  equal t o  P . 
g 
A s  a p red ic t ion  method, t h i s  would r e q u i r e  i t e r a t i o n  between equat ions  
(IV-10) and IV-12). Af t e r  so lv ing  equat ion (IV-10) f o r  adsorba te  com- 
p o s i t i o n ,  t h e  molar volume of  t h e  mixed adsorba te  was c a l c u l a t e d  by a 
l i n e a r  mixing r e l a t i o n  
Then us ing  an  adsorp t ion  p o t e n t i a l  c h a r a c t e r i s t i c  curve cons t ruc t ed  
from isotherms f o r  f i v e  pure p a r a f f i n  hydrocarbons a t  var ious  temperatures ,  
they m u l t i p l i e d  t h e  va lue  of t h e  terms i n  equat ion  (IV-10) by t h e  t e m -  
p e r a t u r e  of  t h e  mixture  t o  o b t a i n  an  absc i s sa  va lue  f o r  t h e  c h a r a c t e r i s -  
t i c  curve. The o r d i n a t e  was then  d iv ided  by t h e  molar volume f o r  t h e  
mixed adsorba te  from equat ion  (IV-13) t o  f i n d  t h e  t o t a l  number of moles 
of  adsorbate .  This quan t i t y  w i t h  t h e  adsorba te  mole f r a c t i o n s  solved 
earlier gave a complete s o l u t i o n  t o  t h e  p red ic t ion  problem. 
For t h i s  i n v e s t i g a t i o n ,  a f t e r  e s t a b l i s h i n g  t h a t  t h e  mixed adsor-  
b a t e  c h a r a c t e r i s t i c  curve was e s s e n t i a l l y  t h e  same as t h e  c h a r a c t e r i s t i c  
curve cons t ruc ted  from t h e  pure methane and carbon d iox ide  isotherms,  the  
above method was used f o r  mixture p red ic t ion .  I n  a d d i t i o n  t o  c a l c u l a t i n g  
t h e  adsorp t ion  p o t e n t i a l  a t  a molar volume equal  t o  s a t u r a t e d  l i q u i d  a t  
I? t h e  e a r l i e r  Grant-Manes methodZo of  us ing  t h e  molar volume f o r  
g ' 
t h e  s a t u r a t e d  l i q u i d  a t  t h e  normal b o i l i n g  po in t  w a s  t r i e d .  This  l a t t e r  
v a r i a t i o n  was found f u l l y  a s  succes s fu l .  This w i l l  b e  d iscussed  f u r t h e r  
i n  Chapter V. Using t h e  s a t u r a t e d  l i q u i d  molar volume a t  t h e  normal 
b o i l i n g  poin t  e l imina tes  t h e  need f o r  i t e r a t i o n  from t h e  p red ic t ion  
procedure. 
I?ernbacherl5 used an Adsorption P o t e n t i a l  Theory c h a r a c t e r i s t i c  
curve  t o  p r e d i c t  t h e  amount of  adsorba te  f o r  t h e  helium-nitrogen system 
on P i t t sbu rgh  BPL carbon a t  100 K and 150 K t o  100 atmospheres. This 
was above t h e  c r i t i c a l  temperature f o r  helium and below t h a t  f o r  n i t rogen .  
Other Modif icat ions of t h e  P o t e n t i a l  Theory 
I n  s tudying  c h a r a c t e r i s t i c  curves f o r  va r ious  pure substances on 
heterogeneous adsorb e n t s  , Dubinin and R.adushkevich13 noted t h a t  a 
Gaussian d i s t r i b u t i o n  of t h e  adsorp t ion  p o t e n t i a l  seemed to  be  ind ica t ed .  
They a s s e r t e d  t h a t  t h e  isotherm should be  c l o s e l y  represented  by 
2 
W = Wo exp - [ko ] 
where W is  t h e  adsorba te  volume a t  a n  adsorp t ion  p o t e n t i a l  corresponding 
t o  e, W the  maximum adsorba te  volume f o r  t h e  adsorbent  and k a con- 
0 
s t a n t .  A s  a r e s u l t  of the  work by Dubinin and Timof eyev12, they  l a t e r  
modified14 equat ion (IY-12) t o  
which is  subsequently r e f e r r e d  t o  as t h e  Dubinin-Radushkevich (D-R) 
equat ion.  W and B a r e  parameters c h a r a c t e r i s t i c  of t h e  adsorbent .  For 
0 
m a t e r i a l s  below t h e i r  c r i t i c a l  temperatures and low p res su res ,  they 
found e x c e l l e n t  c o r r e l a t i o n s  us ing  t h i s  equat ion i n  logar i thmic  form. 
3 1 
As a model f o r  t h e  molar volume, Dubinin and Nikolaev developed an  
equat ion dependent upon t h e  adsorp t ion  temperature.  The adso rba te  
molar volume was considered t o  b e  a l i n e a r  func t ion  of temperature 
between the  normal boi l ing  point  and t h e  c r i t i c a l  point .  The value  used 
fo r  molar volume a t  t h e  c r i t i c a l  temperature is  
which is a method used t o  compute van der Waals ' b ' .  Above t h e  c r i t i c a l  
temperature, the  molar volume was considered a constant  equal t o  b. 
Below the  normal b o i l i n g  point ,  bes t  values f o r  t h e  sa tu ra ted  l i q u i d  
molar volume were used corresponding t o  adsorption temperature. 
Dubinin and ~ i k o 1 a e - v ~ ~  extended t h e i r  adsorption inves t iga t ions  t o  
substances above the  c r i t i c a l  temperature. A s  a result of  these  s t u d i e s ,  
they modified the  D-R equation t o  
(IV- 17) 
where T i s  t h e  reduced temperature. 
R 
The l a t e r  work of Ilubinin3 indicated t h a t  t h e  D-R equation had 
l imi ta t ions  f o r  appl ica t ion  t o  adsorption.  It can be seen t h a t  t h e  
function does not reduce t o  Henry's Law a t  low pressure .  This is a 
s t a t i s t i c a l  mechanics requirement f o r  any isotherm equation. Dovaston 
e t  found good agreement using the  D-R equation t o  600 Torr wi th  -- 
pure carbon dioxide isotherms from 195 K t o  298 K.  However, t h i s  equa- 
- 3 
t i o n  f a i l e d  t o  represent  t h e  da ta  below P/P equal t o  10 . S t e e l e  39 
S 
has shown t h a t  t h e  D-R equation can b e  derived us ing s t a t i s t i c a l  mechanics 
with a p a r t i c u l a r  s e t  of i n i t i a l  assumptions. 
~ubinin ' '  recognized t h a t  the  D-R equation does not  apply t o  
heterogeneous adsorbents of a s t r u c t u r a l  type d i f f e r e n t  from t y p i c a l  
ac t iva ted  carbon; i .e .  one with l a rge r  pores. For t h e  case  of adsorbents 
with  l a r g e r  pores which Dubinin c a l l s  t h e  second s t r u c t u r a l  type,  t h e  
isotherm proposed i s  
A s  i n  t h e  D-R equat ion,  W and B a r e  parameters r e l a t e d  t o  t h e  adsorbent  
0 
and g i s  dependent upon t h e  adsorba te .  q u a t i o n  (IV-18) is  f o r  u s e  
below t h e  c r i t i c a l  temperature of t h e  adso rba t e ,  
The D-R equat ion has been app l i ed  by Bering e t  a 1  .5 t o  b inary  
mixture  adsorp t ion  with bo th  components below t h e i r  c r i t i c a l  temperatures 
and a t  low pressures .  They suggested t h e  D-R isotherm t o  p r e d i c t  t h e ,  
t o t a l  amount of adsorba te .  The va lues  f o r  W and B a r e  c h a r a c t e r i s t i c  of 
0 
t h e  adsorbent .  They used l i n e a r  mixture r u l e s  f o r  t h e  molar volume, 
equat ion (IV-13), and f o r  $ mx 
Values of P and P a r e  obtained by summing t h e  ind iv idua l  c m -  s 
ponents.  To so lve  f o r  t h e  composition of t h e  mixed adsorba te ,  they 
made u s e  of an empir ica l  r e l a t i o n  found by Lewis e t  a l .28  which is  
Use of equat ion  (IV-20) does n o t  s a t i s f y  equat ion (IV-11) f o r  
many systems a s  was found i n  t h i s  i n v e s t i g a t i o n  and has been r epor t ed  by 
o t h e r s  8' This  i s  shown i n  Tables 12 and 13  i n  Appendix E. 
It is recognized t h a t  none of t h e  methods descr ibed  t o  o b t a i n  a 
va lue  f o r  molar volume r e s u l t s  i n  a q u a n t i t y  which can b e  accepted a s  
r ep re sen t ing  t h e  t r u e  d e n s i t y  of t h e  adsorbed phase. The d i r e c t  
measurement of a c t u a l  adsorba te  dens i ty  i s  n o t  p o s s i b l e  by t h e  conven- 
t i o n a l  adsorp t ion  techniques which have been descr ibed previously.  
4 
Bering e t  a l .  used a s p e c i a l  combination gravimetr ic-volumetr ic  procedure 
t o  measure adsorp t ion  i n  t h e  water-ethyl  c h l o r i d e  system. Their measure- 
ments i nd ica t ed  t h a t  adsorbed water  had a dens i ty  one and one qua r t e r  t imes 
t h e  normal l i q u i d  va lue .  Because t h e  Adsorption P o t e n t i a l  Theory, a s  
modified, uses  molar volume f o r  t h e  adsorba te  i n  both t h e  o r d i n a t e  and 
t h e  absc i s sa  of t h e  c h a r a c t e r i s t i c  curve,  i t  is  e n t i r e l y  p o s s i b l e  t h a t  
t h e r e  a r e  compensating e r r o r s  with a p a r t i c u l a r  empir ical  method. Such 
compensating e r r o r s  may overshadow a very  complex mechanism involv ing  
r e l a t i o n s  not  y e t  untlerstood. Thus t h e  success  of a method cannot be 
regarded a s  s u f f i c i e n t  proof t h a t  t h e  condi t ions  o f  t h e  empir ica l  pro-  
cedure a r e  an e x p l i c i t  i n d i c a t i o n  of  the phys ica l  r e a l i t y .  
CHAPTER V 
PRELlICTION RESULTS 
The adsorp t ion  d a t a  obtained a s  a p a r t  of t h i s  i n v e s t i g a t i o n  a r e  i n  
a somewhat d i f f e r e n t  domain from mixture experiments r epo r t ed  by o the r s .  
The binary and t e r n a r y  gas so lu t ions  s tud ied  contained one component 
below i t s  c r i t i c a l  temperature and t h e  remaining gas o r  gases  above. 
The p a r t i a l  p ressures  of t h e  adsorbed components were t o  50 PSIA which is 
higher  than a t t a i n e d  i n  most o ther  s t u d i e s .  The same mixtures were 
s tudied  a t  s e v e r a l  temperature l e v e l s .  The b ina ry  mixtures  were r e l a t e d  
t o  t h e  t e rna ry  mixtures  by having t h e  adsorbed components i n  t h e  same 
molar r a t i o s .  The same adsorbent  was used f o r  a l l  experiments t o  
e l i m i n a t e  t h e  v a r i a b l e s  r e l a t e d  t o  heterogeneous adsorbents .  
P red ic t ion  methods proposed by o t h e r s  were s t u d i e d  t o  a s s e s s  t hose  
which might be  expected t o  g i v e  t h e  b e s t  r e s u l t s  wi th  t h e  components and 
condi t ions  of  t h i s  s tudy .  A s  a minimum requirement a p a r t i c u l a r  method 
would b e  expected t o  a l low t h e  p r e d i c t i o n  o f  t h e  amount of each com- 
ponent adsorbed from a s p e c i f i e d  gas mixture  us ing  only t h e  pu re  
ma te r i a l  isotherms on t h e  same adsorbent  a t  a p a r t i c u l a r  p r e s s u r e  and 
temperature.  Of a l l  methods a v a i l a b l e ,  only those  r e l a t e d  t o  t h e  Polanyi  
P o t e n t i a l  Theory a l low p r e d i c t i o n  a t  temperatures  d i f f e r e n t  from those  
o f  t h e  pure  isotherm da ta .  With t h i s  method, t h e  e f f e c t  of  temperature 
i s  known d i r e c t l y  w i t h i n  t h e  d e f i n i t i o n  of t h e  adsorp t ion  p o t e n t i a l .  
While t h e  procedures f o r  t h e  a p p l i c a t i o n  o f  t h e  P o t e n t i a l  Theory a r e  
l a r g e l y  empir ica l ,  t h e  method i s  s t i l l  s u f f i c i e n t l y  fundamental t o  
a l low t h e  p r e d i c t i o n  f o r  adsorp t ion  o f  substances f o r  which no pure 
isotherms a r e  a v a i l a b l e .  Once a workable molar volume r e l a t i o n  is  
e s t a b l i s h e d  f o r  t h e  adsorba te ,  a c h a r a c t e r i s t i c  curve cons t ruc ted  from 
any t y p i c a l  adsorba te  s u f f i c e s  t o  al low t h e  p r e d i c t i o n  o f  adsorp t ion  f o r  
d i f f e r e n t  substances on t h e  same adsorbent .  
The work of Grant and Manesz1 seemed t h e  most comprehensive and 
p e r t i n e n t  t o  t h e  purposes of t h i s  s tudy .  They demonstrated t h e i r  modif i -  
c a t i o n  of  t h e  Polanyi Theory wi th  b ina ry  mixtures  composed of one com- 
ponent above and t h e  o the r  below t h e  c r i t i c a l  temperature.  It remained 
t o  extend t h e i r  work t o  higher  p a r t i a l  p ressures  f o r  a l l  components and 
t o  s eve ra l  temperature l e v e l s .  
The work of Bering et a l e 5  wi th  t h e  a p p l i c a t i o n  of  t h e  D-R equa- 
t i o n  t o  mixtures  seemed worthy of s tudy s i n c e  s e v e r a l  advantages beyond 
t h e  b a s i c  Polanyi Theory are obtained.  The cons t ruc t ion  of a cha rac t e r -  
i s t i c  curve  i s  unnecessary. A d e f i n i t i v e  Polanyi c h a r a c t e r i s t i c  curve  
may r e q u i r e  d a t a  over a wide p re s su re  range or  a t  s e v e r a l  temperatures .  
The D-R equat ion parameters can t h e o r e t i c a l l y  b e  so lved  wi th  two adsorp- 
t i o n  va lues  which w i l l  c h a r a c t e r i z e  t h e  adsorbent .  The parameter f o r  t h e  
c h a r a c t e r i z a t i o n  of  t h e  adso rba t e  can b e  ass igned  based on phys i ca l  proper- 
ties. Resu l t s  from t h i s  model a r e  d iscussed  l a t e r  i n  t h i s  chapter .  
Severa l  o t h e r  c l a s s i c  models were checked and a r e  presented i n  t h i s  
chapter .  
Adsorbate Physical  P rope r t i e s  
A number of phys i ca l  p rope r t i e s  were requi red  f o r  t h e  necessary 
c a l c u l a t i o n s  i n  connect ion wi th  t h e  s tudy  of t h e  Polanyi  Theory and t h e  
D-R equat ion .  Liquid dens i ty  and vapor p re s su res  f o r  methane were taken 
43 from t h e  monograph of Zaguruchenko and Zhuralev . The va lues  used 
f o r  carbon d ioxide  were from d a t a  determined by Meyers and Van Dusen a s  
r epo r t ed  i n  t h e  monograph of Quinn and   ones^^. The fugac i ty  f o r  
f o r  s a t u r a t e d  methane above t h e  c r i t i c a l  temperature was r equ i r ed  f o r  t h e  
t h r e e  experimental tzemperatures. This  i s  hypothe t ica l  quan t i t y  which 
was ca l cu la t ed  by assuming a  l i n e a r  r e l a t i o n  between 1/T and Rn(Ps). 
The normal b o i l i n g  poin t  and t h e  c r i t i c a l  po in t  were used t o  d e f i n e  t h e  
l i n e a r  r e l a t i o n s h i p .  The pseudo-vapor p re s su re  from t h i s  assumed r e -  
l a t i o n  was then  used i n  a  r e l a t i o n  based on t h e  BWR equat ion  given by 
~ r ~ e ~ ~  t o  c a l c u l a t e  t h e  fugae i ty d i r e c t l y  a f t e r  solving the vapor density 
by i t e r a t i o n .  
While t h e  c a l c u l a t i o n  of  pseudo-vapor pressures  above t h e  c r i t i c a l  
temperature was not  requi red  f o r  t h e  carbon d ioxide ,  i t  was r equ i r ed  t o  
u s e  t h e  same l i n e a r  r e l a t i o n  t o  determine a  normal b o i l i n g  po in t  f o r  
t h i s  compound. The method descr ibed  above was employed w i t h  t h e  c r i t i c a l  
and t r i p l e  po in t s  used t o  determine t h e  l i n e a r  r e l a t i o n s h i p .  The 
normal b o i l i n g  temperature i nd ica t ed  by t h i s  r e l a t i o n  was used wi th  
l i q u i d  d e n s i t i e s  repor ted  by Quinn and  ones^^ a t  h igher  p re s su re s  t o  
s e l e c t  t h e  molar volume a t  t h e  c a l c u l a t e d  normal b o i l i n g  p o i n t .  The 
phys ica l  p r o p e r t i e s  chosen and t h e  c a l c u l a t e d  f u g a c i t i e s  a r e  shown i n  
Table 2. 
Pure Isotherm Pred ic t ion  
Using t h e  Polanyi P o t e n t i a l  Theory a s  app l i ed  by Grant and 
Manes 20' 21 t h e  s i x  f i t t e d  isotherm equat ions f o r  methane and carbon 
d iox ide  were used t o  cons t ruc t  a  c h a r a c t e r i s t i c  curve  showing (Nf)  
i 
p l o t t e d  aga ins t  ~ l t ~ ~ n ( * s / f ) ~ .  Because Grant and Manes had used two 
Table 2. Adsorbate Physical  P rope r t i e s  
Carbon 
Methane Dioxide 
f a t  t h e  normal b o i l i n g  p o i n t .  
cc/gm-mole 
van de r  Waals llb" i n  cc/gm-mole 
Ps i n  PSIA a t  301.4 K 
Fugaci ty i n  PSIA a t  301.4 K 
a t  260.2 K 
a t  212.7 K 
C r i t i c a l  Temperature Tc, K 
C r i t i c a l  Pressure ,  PSIA 
d i f f e r e n t  methods t o  a r r i v e  a t  a  va lue  f o r  t he  absorbate  molar volume, 
both methods were used i n  t h i s  s tudy t o  determine which would g ive  the  
b e t t e r  pred ic ted  r e s u l t s .  The p re fe r r ed  method, based on the  mixture 
f ind ings  t o  be discussed l a t e r  i n  t h i s  chapter ,  assumed t h a t  t h e  ad- 
so rba t e  molar volume was equal  t o  t he  s a t u r a t e d  l i q u i d  a t  t he  normal 
b o i l i n g  poin t .  The curve based on t h i s  method is presented a s  Figure 
10 i n  Chapter I V .  The c h a r a c t e r i s t i c  curve which uses a  v a r i a b l e  molar 
volume a t  the  empir ica l  s a t u r a t i o n  p re s su re  given by equat ion  (IV-12) 
is shown i n  Appendix E a s  Figure 29. Grant and ManesZ1 suggest t he  use 
of constant  adsorba te  molar volume i n  t h e  adsorp t ion  p o t e n t i a l  v a r i a b l e  
while  using the  v a r i a b l e  molar volume f o r  t he  adsorba te  volume v a r i a b l e  
of t h e  c h a r a c t e r i s t i c  curve t o  s imp l i fy  t h e  method. This  s tudy  used t h e  
same value f o r  adsorbate  molar volume i n  t he  absc i s sa  and o r d i n a t e  of 
each of the  two methods. 
The hydrogen isotherms were a l s o  used t o  c a l c u l a t e  t he  Polanyi  
c h a r a c t e r i s t i c  curve v a r i a b l e s .  It was found t h a t  t h e  t h r e e  hydrogen 
isotherms gave c h a r a c t e r i s t i c  curve va lues  which f e l l  i n t o  t h r e e  i s o l a t e d  
reg ions  a l l  s epa ra t e  from the  e y e - f i t t e d  c h a r a c t e r i s t i c  curve def ined  
by the  methane and carbon dioxide isotherms. It was l a t e r  found t h a t  
none of t he  c a l c u l a t i o n s  i n  t h i s  i n v e s t i g a t i o n  requi red  c h a r a c t e r i s t i c  
curve values ou t s ide  of the range defined by methane and carbon dioxide.  
Thus the hydrogen isotherm va lues  were no t  used i n  any p r e d i c t i o n  method 
computations. 
As a  f i r s t  check on t h e  Grant-Manes p r e d i c t i o n  method, the  
c h a r a c t e r i s t i c  curve shown i n  Chapter I V  a s  Figure 10 was used t o  p r e d i c t  
t he  s i x  pure isotherms. This was done by approximating t h e  s o l i d  l i n e  
i n  Figure 10 over the f u l l  range shown by four s t r a i g h t  l i n e s .  The 
equations for  these l i n e s  were included i n  a Fortran program which ca l -  
culated methane and carbon dioxide adsorption values f o r  a s e r i e s  of 
pressures a t  the  des i red  temperatures. The predic ted  isotherms based 
on t h i s  procedure a r e  shown on Figures 3 t o  8 i n  Chapter 111. With the  
exception of the  carbon dioxide isatherm a t  260.2 K i n  the  higher pres-  
sure  por t ion ,  the  predic ted  curves a r e  a l l  i n  good agreement with the  
experimental data.  
Because equation (111-4) was the r e l a t ionsh ip  which gave the bes t  
f i t  f o r  a l l  s ix  s e t s  of isotherm da ta  and t h i s  is  the  same form as t h e  
D-R equation (IV-15), it was an t i c ipa ted  t h a t  good r e s u l t s  should be 
obtained from t h i s  modificat ion of the Polanyi Theory. I f  the  D-R 
equation was t o  serve a s  a general  temperature invar iant  isotherm f o r  
methane and carbon dioxide,  then the k constant from equation (111-4) 
2 
which had already been determined f o r  the individual  isotherms could 
2 be analyzed t o  l e a r n  i f  B/B  was a constant  a s  indica ted  by Dubinin 10 
f o r  an adsorbent of the  ac t iva ted  carbon type. The value f o r  k2 was 
divided by the  square of the  temperature f o r  a l l  of the  isotherm equa- 
t i o n s  and the  r e s u l t s  a re  presented i n  Table 3. 
Table 3.  Dubinin-Radushkevich Dimensionless Var iab les  Calculated from 
Isotherm Equations f o r  Methane and Carbon Dioxide 
Isotherm 
Methane at 301.4 K 
a t  260.2 K 
a t  212.7 K 
Carbon Dioxide a t  301.4 K 
a t  260.2 K 
a t  212.7 K 
2 
It w i l l  be seen  r h a t  t h e  va lues  shown f o r  BIB a r e  cons tan t  w i t h i n  
experimental e r r o r  f o r  t he  carbon d ioxide  isotherms. However, they  a r e  
not  t h e  same va lue  f o r  methane. The r e s u l t s  from d iv id ing  k2 by t h e  
experimental temperature a r e  a l s o  shown i n  Table 3. For t h i s  quan t i t y ,  
t h e  t h r e e  methane va lues  a r e  s u r p r i s i n g l y  c l o s e  t o  each o the r .  This  
value is comparable t o  B T / ~  and would i n d i c a t e  t h a t  equat ion  (IV-18) is  
t h e  proper  isotherm based on the w r i t i n g s  of Dubinin. But equat ion  
(IV-18) i s  f o r  an  adsorbent  of  t he  non-microporous type and t h i s  conclu- 
s i o n  is unacceptable f o r  t he  carbon used, This incons is tency  l e d  t o  t h e  
conclusion t h a t  more development is  requi red  before  a p p l i c a t i o n s  of t h e  
type under cons ide ra t ion  can be made wi th  t h e  D-R equat ion  and r e l a t e d  
r e l a t i o n s .  The mixture r e s u l t s  were t r i e d  wi th  the  D-R equat ion  and 
t h e s e  w i l l  be d iscussed  l a t e r  i n  t h i s  chapter .  
Mixture Isotherm P r e d i c t i o n  
C h a r a c t e r i s t i c  curves were cons t ruc ted  from the  experimental  
isotherm d a t a  fo r  methane and carbon d ioxide  a t  a l l  t h r e e  temperatures  
and over t h e  e n t i r e  p re s su re  ranges t e s t e d .  The hydrogen isotherm r e s u l t s  
f e l l  i n  a d i f f e r e n t  region and were not included i n  the  constructed 
charac ter  is t i c  curves. 
The curves were constructed using the molar volume f o r  the ad- 
sorbate  corresponding t o  sa tura ted  l iqu id  a t  the  normal bo i l ing  point  
and a l s o  a t  pseudo-pressures Pg defined by equation (IV-12). The 
c h a r a c t e r i s t i c  curve based on normal bo i l ing  point  l iqu id  molar volume 
is Figure 10 i n  Chapter I V .  The other c h a r a c t e r i s t i c  curve is Figure 
29 shown i n  Appendix E. Each curve was re-drawn on separa te  p l o t s  t o  
which the experimental mixture r e s u l t s  were added. Equation (IV-13) was 
used f o r  the  molar volume of the  binary adsorbate. The adsorption 
p o t e n t i a l  was calcu1.ated f o r  each methane and carbon dioxide da ta  point  
using each of the  two molar volume methods. Separate p l o t s  were used 
f o r  the binary and ternary  data  with each molar volume method giving 
four p lo t s .  These a r e  presented as  Figures 30 t o  33 i n  Appendix E. 
Most of the mixture isotherms cons i s t  of three  t o  f i v e  points .  The 
points  f o r  these individual  s e t s  a r e  connected by f i n e  l ines .  The re-  
s u l t s  i s  a graphical  presenta t ion  of the  agreement between the  "best" 
c h a r a c t e r i s t i c  curve defined by mixture adsorption r e s u l t s  and the 
c h a r a c t e r i s t i c  curve constructed s o l e l y  from pure isotherms f o r  the  mix- 
t u r e  components. 
The degree of agreement between the pure and mixture c h a r a c t e r i s t i c  
curves may be taken a s  a d i r e c t  indicati.on of the degree of success 
expected f o r  the p red ic t ion  method which governed the  c h a r a c t e r i s t i c  
curve construct ion.  This was the  purpose f o r  cons t ruct ing  p l o t s  by use 
of the  two adsorbate molar volume methods. 
The t e rna ry  mixture p l o t s ,  Figures 32 and 33, showed no c l e a r  
super io r i ty  of one method over the o ther .  The binary p l o t s ,  Figures 30 
and 31, indica te  a s l i g h t l y  b e t t e r  agreement using a molar volume corres-  
ponding t o  sa tu ra ted  l i q u i d  a t  the  normal bo i l ing  point .  After  f inding 
t h a t  t h i s  method was  s l i g h t l y  super ior ,  t h i s  was the procedure used f o r  
a l l  subsequent ca lcula t ions .  Making use of Equation (IV-l l) ,  Equation 
(IV-10) was f i r s t  solved by i t e r a t i o n  t o  give t h e  adsorbate composition. 
Then using the same l i n e a r  equation f o r  t h e  c h a r a c t e r i s t i c  curve a s  had 
been used f o r  predic t ing  the  pure component isotherms as  described above, 
a value f o r  ~~v~ which corresponded t o  an adsorption p o t e n t i a l  equal t o  
T/iiln(>) was found. Knowing the  mixture adsorbate molar volume from 
equation (IV-13) allowed the t o t a l  amount adsorbed t o  be computed. The 
adsorbate composition from the f i r s t  ca lcu la t ion  s t ep  was then used t o  
give the  amount of each component adsorbed. Temperature and gas mixture 
composition were used a s  inputs  t o  t h i s  program which then ca lcu la ted  
the  amount of methane and carbon dioxide adsorbed for a s e r i e s  of pres-  
sures.  This prograrl was used t o  ca lcu la te  the predicted isotherm f o r  
the  temperatures and mixtures corresponding t o  the  experimental data.  
The predic ted  isotherms and the  experimental po in t s  determined i n  t h i s  
inves t iga t ion  were put on the  same p l o t  f o r  the  13 mixture-temperature 
combinations studied.  These p l o t s  a r e  shown as  Figures 11 t o  23. 
Conclusions based on these  p l o t s  a re  presented i n  Chapter V I .  
Although the  number of experimental po in t s  determined f o r  the  
mixture isotherms was too few t o  al low l e a s t  squares f i t t i n g ,  attempts 
were made t o  check the  da ta  with some of the  isotherm functions which 
have been found use fu l  by o thers  f o r  mixtures. 
To l ea rn  how w e l l  the  D-R equation would f i t  the  isotherms f o r  
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Figure 11. liethane (18.8 M ~ l e  Z) - Carbon Dioxide 
(81.2 Mole %) Isotherm at 301.4 K. 
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Figure 12. Methane (18.8 Mole %) - Carbon Dioxide 
(81.2 Mole 2) Isotherm at  260.2  K.  
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Fi~;ure  13.  Methane (49.8 Mole X )  - Carbon Dioxide 
(50.2  Mole %) Isotherm a t  301.4 K. 
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Figure 14. Methane (49.8 Mole %) - Carbon Dioxide 
(50.2 Mole %) Isotherms a t  260.2 K. 
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Figure 15. Methane (49.8  Mole %) - Carbon Dioxide 
(50.2 Mole %) Isotherm a t  212.7 K.  
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Figure 16. Methane (79.5 Mole %) - Carbon Dioxide 
(20.5 Mole %) Isotherm at  301.4 K .  
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Figure 1 7 .  Methane (79.5 Mole X )  - Carbon Dioxide 
(20.5 Mole 2 )  Isotherm at 260.2 K.  
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F i g u r e  18. Methane (2.07 Mole %) - Carbon Dioxide 
(9.77 Mole %) - Hydrogen (88.2 Mole %) 
I so therm a t  301.4 K. 
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Figure  19. Methane (2.07 Mole %) - Carbon Dioxide 
(9.77 Mole %) - Hydrogen (88.2 Mole %) 
Isotherm at: 260.2 K. 
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Figure  20. Methane (6.60 Mole %) - Carbon Dioxide 
(6.96 Mole %) - Hydrogen (86.4 Mole %) 
Isotherm at 301.4 K. 
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Fi$u.re 21. Methane (6.60 Mole %) - Carbon Dioxide 
(6.95 Mole %) - Hydrogen (86.4 Mole %) 
Isotherm at 260.2 K. 
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Figure 22. Methane (6.60 Mole %) - Carbon Dioxide 
(6.95 Mole %) - Hydrogen (86.4 Mole %) 
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Figure 23. Methane (10.8 Mole %) - Carbon Dioxide 
(2.86 Mole %) - Hydrogen (86.3 Mole %) 
Isotherm a t  260.2 K.  
2 2 the  various mixtures, p l o t s  were made of I n  N and ( I n  PS/P) /T f o r  each 
of the  da ta  s e t s .  Each mixture was drawn on a separa te  p l o t  wi th  the  
individual  isotherms iden t i f i ed .  For c e r t a i n  of the  isotherms, excel lent  
s t r a i g h t  l i n e  r e l a t ions  were found. However, an inspect ion  of  the  e n t i r e  
s e t  of mixture p l o t s  indicated t h a t  the  slopes of the b e s t - f i t  l i n e s  
were temperature dependent i n  many cases. This f inding coupled wi th  the  
conclusion discussed e a r l i e r  i n  t h i s  chapter f o r  the pure methane and 
carbon dioxide isotherms was the  reason f o r  not  pursuing t h i s  approach 
fur ther .  It was concluded tha t  more development and d a t a  would be re -  
quired before the  D-R equation could be applied i n  a general way t o  mix- 
tures  where the  p a r t i a l  pressure of the  components exceeds one atmosphere 
o r  where the  temperature i s  above the  c r i t i c a l  of the  components. Another 
shortcoming of the  mixture method proposed by Bering e t  a1.5 is  the  f a i l -  
ure of equation (IV-20) t o  p red ic t  accura te ly  adsorbate composition f o r  
many systems. However, the  adsorbate composition p red ic t ion  r e s u l t s  
shown i n  Tables 12  and 13 i n  Appendix E show t h a t  equation (IV-10) would 
be s a t i s f a c t o r y  f o r  t h i s  p a r t  of the  problem. 
Another method examined was use of the  Langmuir mixture isotherm 
which is 
Equation (V-1) could be used f o r  both the  binary and ternary  gas 
mixtures because the  adsorbate was a binary f o r  e i t h e r  case. Idea l ly ,  the  
values f o r  b .  solved from each of the  pure isotherms would serve  f o r  the  
1 
constants  were then solved f o r  t h e  mixture isotherms a t  high pressures.  
I n  t h i s  case ,  equation (V-1) did not give a good representa t ion  f o r  the  
lower pressure region. No fu r the r  attempts were made t o  use the  Langmuir 
equation. 
Relative V o l a t i l i t y  
A quant i ty  defined and ca r r i ed  over from d i s t i l l a t i o n  technology 
was used by Lewis g &.28 i n  t h e i r  adsorption s tud ies  on mixtures. 
This va r i ab le  is ca l l ed  the  s e l e c t i v i t y  o r  r e l a t i v e  v o l a t i l i t y  and is 
defined by 
Application of t h i s  va r i ab le  is l imi ted  t o  binary adsorbates. 
The r e l a t i v e  . v o l a t i l i t y  has a simple meaning with a mixed ad- 
sorbate fo r  which ~ a o u l t ' s  law appl ies  
A d e f i n i t i o n  £or an idea l  system could be one i n  which equation 
(V-3) would hold f o r  both components. Dividing the  two equations (V-3) 
expressed i n  terms of the  individual  components gives 
X2Yl - = -  
X1Y2 Ps2 
which is  seen t o  be the  d e f i n i t i o n  of the  r e l a t i v e  v o l a t i l i t y .  But 
s ince  t h e  adsorption system is  isothermal., the component vapor pressures  
must be constant .  Thus equation (V-4) ind ica tes  t h a t  an i d e a l  system 
w i l l  have a r e l a t i v e  v o l a t i l i t y  f o r  two given components which w i l l  be 
constant  regardless  of the  gas phase composition. Values f o r  have been 
computed and a re  presented i n  Appendix E i n  Table 9 fo r  t h e  b ina r i e s  
and i n  Table 10 f o r  the  t e rna r ies  studied. The f a c t  t h a t  these values 
a r e  not constant shows t h a t  the system does not conform t o  the above 
d e f i n i t i o n  of i d e a l i t y .  Lewis -- e t  a1.28 found that  CY was a useful  
quant i ty  for  co r re la t ing  adsorption from c e r t a i n  binary hydrocarbon mix- 
tures.  
Adsorption Enhancement Factor 
Working only with the pure component isotherms and the physical  
proper t ies  f o r  mixture systems, there  a r e  many q u a n t i t i e s  which may be 
defined with a sound bas i s  i n  thermodynamics. One such quant i ty  which 
has been studied by Hiza and Kidnay 23y24 is c a l l e d  the  adsorption en- 
hancement fac to r  defined a s  
This va r iab le  is  the  r a t i o  of component p a r t i a l  pressure t o  the 
0 
pure isotherm pressure,  P , fo r  an equal amount adsorbed. The adsorption 
enhancement f a c t o r  has a foundation i n  theory. It a r i s e s  when the  ad- 
sorpt ion mechanism f o r  pure gases and f o r  mixtures i s  re la ted  v i a  the  
chemical potent ia l .  The work by Hiza and ~ i d n a ~ ~ ~  indicated severa l  
useful  conclusions f o r  fl i n  the domain studied. A OA was shown t o  in-  
crease  monotonously with pressure and have l imi t ing values of one a t  low 
pressure. Their work a l s o  showed t h a t  the values f o r  (d were independent A 
of the  type of adsorbent. This conclusion was based on experiments wi th  
three  d i f f e r e n t  generic c lasses  o f  adsorbent. It was an t i c ipa ted  by 
Kidnay e t  t h a t  the cor re la t ion  of adsorption enhancement f a c t o r  -- 
would be d i f f e r e n t  f o r  a  mixed adsorbate due t o  the  more complex i n t e r -  
ac t ion  r e l a t i o n s  i n  both the gas and adsorbed phases. 
The methane and carbon d ioxide  adsorp t ion  enhancement f a c t o r s  
were c a l c u l a t e d  f o r  t h e  mixture experimental po in t s  of t h i s  s tudy .  
These va lues  a r e  repor ted  i n  Appendix E i n  Tables 10 and 11. It should 
be noted t h a t  t hese  va lues  have a  s i g n i f i c a n t  poss ib l e  e r r o r  due t o  t h e  
quan t i t y  i n  t h e  denominator of t h e  d e f i n i t i o n .  The p re s su re  determined 
from t h e  pure isotherm i s  s u b j e c t  t o  t h e  u n c e r t a i n t i e s  of  t h e  mixture  
isotherm va lue  and the  pure isotherm. This unce r t a in ty  i s  g r e a t e s t  i n  
t h e  low p res su re  range where t h e  4 concept would f i n d  l e s s  use.  The A 
c a l c u l a t e d  unce r t a in ty  f o r  t h e  adsorp t ion  enhancement f a c t o r  a t  higher  
p re s su re s  i s  + 13 per  cent .  The l imi t ed  conclusions which may be drawn 
from t h i s  s tudy on t h e  adsorp t ion  enhancement f a c t o r  a r e  presented i n  
Chapter V I .  
CHAPTER V I  
CONCLUSIONS 
The experimental da ta  obtained i n  t h i s  study were used t o  show 
t h a t  an Adsorption Po ten t i a l  Theory c h a r a c t e r i s t i c  curve may be used 
t o  represent  the adsorption of d i f f e r e n t  substances over a wide pressure  
range and severa l  temperatures. Mixture r e s u l t s  were used t o  show f u r t h e r  
t h a t  these  da ta  can be used t o  def ine  a c h a r a c t e r i s t i c  curve which co- 
inc ides  with t h a t  constructed from the pure compounds. I n  p a r t i c u l a r ,  
it was shown t h a t  f o r  the  pressure-temperature domain of t h i s  study, 
the  Grant and ManesZ1 method of p red ic t ing  adsorption from gas mixtures 
(using the  Adsorption Po ten t i a l  Theory with the  sa tu ra ted  l i q u i d  a t  the  
normal b o i l i n g  point  fo r  the  adsorbate molar volume) gave good r e s u l t s .  
Subject t o  the  l imi ted  ava i l ab le  experimental evidence, i t  should 
be s t a t e d  t h a t  the  ef fec t iveness  of the  Grant and Manes method i n  pre- 
d i c t i n g  the  experimental r e s u l t s  of t h i s  study and the  success of o the r s  
wi th  the  Adsorption P o t e n t i a l  Theory, i s  considered t o  be a general  
support of t h a t  method and not merely a technique l imi ted  t o  p red ic t ion  
of adsorption of methane and carbon dioxide on ac t iva ted  carbon. Lewis 
e t  .I.*' showed t h a t  the C 1  t o  C4 hydrocarbons could be co r re la t ed  on --
s i n g l e  c h a r a c t e r i s t i c  curves fo r  carbon and s i l i c a  g e l  adsorbents a t  a 
s i n g l e  temperature with s l i g h t l y  d i f f e r e n t  curves f o r  sa tu ra ted  and un- 
sa tu ra ted  hydrocarbons i n  the low pressure region. Grant and Manee 20 
extended tha t  r e s u l t  t o  show t h a t  methane, argon, n i t rogen and other  
hydrocarbons throuch C5 could be charac ter ized ,  on e a i n e l e  curve f o r  t h e  
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same carbon used i n  t h i s  s tudy us ing  d a t a  both above and below component 
c r i t i c a l  temperatures.  Hasz and ~ a r r e r e ~ ~  showed t h a t  a  s i n g l e  curve 
would cha rac t e r i ze  carbon dioxide and C1 through C 4  p a r a f f i n  hydrocarbons 
on ac t iva t ed  carbon a t  one temperature wi th  t h e  use of an  empir ica l  
molar volume technique f o r  t h e  adsorba tes .  This s tudy  has used pure 
methane and carbon dioxide isotherms a t  t h r e e  d i f f e r e n t  temperatures 
and a  range of p re s su re s  t o  cons t ruc t  a  s i n g l e  c h a r a c t e r i s t i c  curve. It 
i s  expected t h a t  t h i s  curve could be used t o  p r e d i c t  adsorp t ion  of o ther  
components on the  sime carbon wi th  t h e  use of a  s u i t a b l e  molar volume 
r e  l a t i o n .  
Because of  t h e  l imi t ed  amount of experimental work which has been 
publ ished t o  d a t e  on adsorp t ion  from gas mixtures ,  t h e  fol lowing l i m i t a -  
t i o n s  must be imposed on the  conclusion t h a t  the Grant-Manes method a s  
descr ibed above is t h e  b e s t  mixture adsorp t ion  p r e d i c t i o n  technique: 
1. Tota l  p re s su re  l imi t ed  t o  100 PSIA. 
2. An e s s e n t i a l l y  b inary  adsorbate  f o r  e i t h e r  b inary  o r  t e r n a r y  
gas mixtures.  
3 .  A s o r p t i o n  process  l imi t ed  t o  phys i ca l  adsorpt ion.  
For t h e  domain where the  method works we l l ,  it was found t h a t  
p re s su re  i s  a s  s a t i s f a c t o r y  a s  fugac i ty  f o r  t he  va r i ab l e .  This i s  because 
p re s su re  and fugac i ty  a r e  e s s e n t i a l l y  equal  i n  t h e  reg ion  below 100 PSIA 
f o r  t h e  system s tud ied .  For t h e  p re s su re  domain above t h a t  where t h e  
method works we l l ,  t h e  following observa t ions  were made: 
1. The l e s s e r  adsorbed component i s  over p red ic t ed  except  f o r  
t h e  case  where the  g rea t e r  adsorbed component i s  a  high pro- 
p o r t i o n  of t he  gas phase. 
2. The g r e a t e r  adsorbed component is under pred ic ted .  
3. The equ i -po ten t i a l  concept f o r  mixtures ,  equat ion  (IV-lo), a s  
expressed by Grant -Manes works we l l  t o  p r e d i c t  adsorba te  
composition. 
4. The Lewis empir ica l  r e l a t i o n  f o r  adsorba te  composition g ives  
more accu ra t e  r e s u l t s  f o r  higher t o t a l  p re s su re s  but  i s  s t i l l  
i n f e r i o r  t o  t h e  equ i -po ten t i a l  p red ic t ion .  
Because of t he  very  l imi t ed  na tu re  of t he  d a t a  i n  t h i s  s tudy and 
the  l a c k  of ex t ens ive  low temperature and high p re s su re  experiments wi th  
adsorp t ion  from gas mixtures  from o the r  sources ,  there is a severe limita- 
t i o n  on the  c e r t a i n t y  of conclusions which may be drawn wi th  regard  t o  
t h e  adsorp t ion  enhancement f a c t o r .  Subjec t  t o  t he  l i m i t a t i o n s  of t h e  
system i n  t h i s  s tudy,  t h e  fol lowing may be s a i d  about t h i s  v a r i a b l e  f o r  
bo th  b inary  and t e r n a r y  gas mixtures: 
1. PA always increases  wi th  pressure .  
2. The g r e a t e r  adsorbed component always has the smal le r  PA va lues .  
3 .  fA i nc reases  wi th  decreas ing  temperature except  f o r  t h e  case 
where t h e  l e s s e r  adsorbed component c r i t i c a l  temperature is 
approached. 
4. tAgenera l ly  increases  wi th  decreas ing  compos it ion. 
5. The value f o r  tA may not approach one f o r  b ina ry  adsorba tes  
a t  low p res su res .  
It is thought t h a t  t he  adsorp t ion  enhancement f a c t o r  could be a 
u s e f u l  t o o l  i n  adso rp t ion  p r e d i c t i o n  f o r  h igh  p re s su res  and f o r  t he  
l e s s e r  adsorbed component. It is t h i s  r eg ion  where t h e  Grant-Manes 
method has s i g n i f i c a n t  e r r o r s .  I n  the  p re sen t  s t age ,  the  adso rp t ion  
enhancement f a c t o r  i s  on ly  u s e f u l  a s  an  i n t e r p o l a t i o n  t o o l .  Considerable  
a d d i t i o n a l  s t udy  w i l l  be r equ i r ed  be fo re  gene ra l  techniques can be 
developed f o r  t h i s  v a r i a b l e .  
CHAPTER V I I  
RECOMMENDATIONS 
For fu tu re  s t u d i e s  of adsorption from gas mix tu res i t  would be 
useful  t o  consider the following: 
1. Determine adsorption r e s u l t s  from a system s i m i l a r  t o  t h a t  
used i n  t h i s  s tudy with the  exception t h a t  another componeL~t with a 
c r i t i c a l  temperature above room temperature should be s u b s t i t u t e d  f o r  
carbon dioxide t o  l ea rn  fu r the r  about the  accuracy of the Grant-Manes 
method. 
2. Another study s i m i l a r  t o  t h i s  one except t h a t  a component 
with a c r i t i c a l  temperature below 250 K should be s u b s t i t u t e d  for  the  
carbon dioxide. The amount of experimental d a t a  covering such a 
system a t  pressures  and temperatures above and below the  c r i t i c a l  a r e  
very scarce.  
3 .  Much use fu l  information could be derived from the  study of a 
mixture which gave a t e rna ry  adsorbate. It would be helpful  t o  v e r i f y  
i f  the  equi -potent ia l  concept holds. 
4 .  Varia t ion  of the  pseudo-saturated pressure a s  an input 
parameter t o  improve the  c o r r e l a t i o n  could be useful  i n  ind ica t ing  i f  a 
general  method could be deve loped. 
5 .  Further  s tudy and app l i ca t ion  of t h e  Dubinin-Radushkevich 
r e l a t i o n  t o  mixtures should be useful  a s  it appears t h a t  t h i s  funct ion  
might lead t o  good predic t ions  f o r  the  t o t a l  amount of adsorbate. The 
equ i -po ten t i a l  technique should se rve  as a s a t i s f a c t o r y  method f o r  t he  
p r e d i c t i o n  of adsorba te  composition. Thus t h e  adsorp t ion  problem might 




Most of t h e  major components of t h e  adsorp t ion  system a r e  l oca t ed  
wi th in  the c r y o s t a t .  This p o r t i o n  of t he  system i s  shown schemat ica l ly  
i n  Figure 24. The adsorbent  v e s s e l  was made from pure copper rod w i t h  a  
b l i n d  f lange  c losu re  of the  same m a t e r i a l .  The v e s s e l  is a  r i g h t  
cy l inde r  2.0 inches o u t s i d e  diameter  and 4.30 inches long w i t h  an 
i n t e r n a l  diameter  of 1.5 inches.  The i n t e r n a l  volume i s  approximately 
70 cc. The c losu re  f lange  is  the  same d iameter  and 0.75 inches t h i c k  
wi th  a  r a i s e d  face  f o r  a confined gaske t  of Teflon,  approximately 1!16 
inch  t h i c k  and 118 inch wide. This  f l ange  i s  he ld  i n  p l ace  wi th  e i g h t  
8-32 machine screws of S e r i e s  300 s t a i n l e s s  s t e e l  secured i n t o  b l i n d  
tapped ho le s  i n  an  i n t e g r a l  r i n g  t h a t  is p a r t  of t h e  v e s s e l  wa l l .  The 
f l ange  was designed f o r  a  maximum working p re s su re  of 100 atmospheres bu t  
was only t e s t e d  t o  1,100 PSIG wi th  hydrogen gas. The f l ange  c losu re  is 
the  l i m i t i n g  element on maximum temperature and p re s su re  f o r  the  adsorp- 
t i o n  system. 
There a r e  two tubing connections t o  t he  adso rp t ion  v e s s e l .  These 
a r e  each 118 inch ou t s ide  d iameter ,  0.035 inch w a l l ,  copper tubing s i l v e r  
so ldered  i n  p lace .  Flow i n t o  t h e  c e l l  i s  from t h e  top. The carbon is  
he ld  i n  p l ace  by b ra s s  screens  and a  small  quan t i t y  of g l a s s  wool. The 
amount of 20/60 mesh P i t t s b u r g h  Type BPL carbon loaded i n t o  the  adsorp- 
t i o n  c e l l  was 35.38 grams. From the  adso rp t ion  c e l l ,  t he  gas goes t o  the  
hea t  exchanger descr ibed  below and then t o  a  wet test meter.  The exchanger 
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Figure 24. Sohemstlo Adsorbent Vessel Cmostat 
and connect ing tubing a r e  n o t  p a r t  cf  the adso rp t ion  dead space. 
A l l  va lves  used on the  appara tus  a r e  Whitey Type IRF bras s  body 
needle  va lves .  Swa.gelok f i t t i n g s  were used where mechanical j o i n t s  were 
required.  S i l v e r  s o l d e r  j o i n t s  were used wherever p o s s i b l e  on the 
appara tus  and s i l v e r  o r  s o f t  s o l d e r  j o i n t s  wi th  s e v e r a l  rubber o r  p l a s t i c  
tubing connections were used on the  vacuum system. 
A l l  tub ing  used f o r  t he  appara tus  w a s  copper w i t h  t h e  except ion  
of some s t a i n l e s s  s t e e l  o r  monel used t o  reduce h e a t  leak  i n t o  the  
cryos tat.  
The c r y o s t a t  i s  a c y l i n d r i c a l  g l a s s  Dewar v e s s e l  13.5 by 70 cm 
wi th  e i t h e r  wa te r  o r  hexane used a s  the ba th  f l u i d  depending upon the  
temperature of the  experiment.  The adso rp t ion  c e l l  was always a t  l e a s t  
25 cm below the  l e v e l  of t h e  c r y o s t a t  f l u i d  dur ing  experiments.  
I n  a d d i t i o n  t o  t he  adso rp t ion  v e s s e l  and connect ing tub ing ,  t h e  
c r y o s t a t  con ta ins  a copper c o i l  of 114 inch o u t s i d e  diameter  tubing f o r  
the  c i r c u l a t i o n  of t he  l i q u i d  n i t r o g e n  used a s  a c r y o s t a t  r e f r i g e r a n t ,  
an e l e c t r i c a l  hea t ing  element ,  a mechanical mixer ,  two g l a s s  thermowells 
conta in ing  Chromel--Cons t an t an  re ference  thermocouples, one ba re  thermo- 
couple and a double j unc t ion  c o n t r o l  thermocouple of t he  same wires .  
A l l  of t hese  e n t e r  the  Dewar from the top. The Dewar was r a i s ed  i n t o  
p o s i t i o n  f o r  each experimental  run and lowered t o  accomplish t h e  desorp- 
t ion .  
Pressure  w i th in  the  adsorp t ion  c e l l  was measured by e i t h e r  a 
mercury-in-glass manometer o r  a medium o r  h igh  range Bourdon type t e s t  
q u a l i t y  p re s su re  gauge. A l l  t h r ee  u n i t s  a r e  permanently mounted on the  
appara tus  and which u n i t  i s  used f o r  an experiment depends upon the  
pres su re  l e v e l .  The c o r r e c t i o n  curves f o r  medium p res su re  gauge 
P1 and h igh  p re s su re  gauge P2 a r e  presented a s  Figures  25 and 2 6 .  
Pressure  of t h e  f eed 'gas  i s  c o n t r o l l e d  by a  gas dome type 
p re s su re  r e g u l a t o r  known commercially as the  "Phoenix" s t y l e  made by 
t h e  Hoke Company. The supply gas passes  through a  double tube type 
h e a t  exchanger which exchanges hea t  i n  counterf low wi th  the  e f f l u e n t  gas 
from the  adso rp t ion  c e l l  dur ing  mixture experiments.  The ch ie f  purpose 
of t h e  exchanger was t o  b r ing  the gas c l o s e r  t o  c r y o s t a t  temperature 
t o  improve ba th  temperature con t ro l .  From the  h e a t  exchanger,  t he  gas 
e n t e r s  the c r y o s t a t  and passes  through a copper c o i l  of 118 inch  0. D. 
tubing 200 cm long t o  i n su re  i t  has reached c r y o s t a t  temperature be fo re  
e n t e r i n g  the  adso rp t ion  c e l l .  
The l i q u i d  n i t r o g e n  r e f r i g e r a n t  was suppl ied  t o  t he  appara tus  
from a metal  Dewar v e s s e l  which was p re s su r i zed  s u f f i c i e n t l y  t o  cause 
flow through the  c r y o s t a t  cool ing  c o i l .  
The sample r e s e r v o i r  shown i n  Figure 2 i n  Chapter I1 c o n s i s t s  of 
a  2 l i t e r  Pyrex f i l t e r  f l a s k  f i t t e d  w i t h  a n  i n t e r n a l  mixer f a b r i c a t e d  
from monel tub ing ,  b ra s s  bea r ings ,  b ra s s  shim s tock  impe l l e r s ,  and a 
magnetic mixer d r i v e  system. The sample r e s e r v o i r  was f u l l y  immersed 
i n  a  water  ba th  suppl ied  wi th  a cont inuously c i r c u l a t i n g  f low from a 
commercial water  thermostat .  The mixer d r i v e  was o u t s i d e  and below the  
water  bath. The same water  bath contained the gas r e s e r v o i r  which w a s  a 
l e c t u r e  s i z e  s t e e l  gas  cy l inde r  w i th  a n  i n t e r n a l  volume of approximately 
800 cc.  Pressure  measurement i n  the  sample r e s e r v o i r  was  by mercury 
manometer. The gas r e s e r v o i r  has  a  mercury manometer and the  Heise 
p re s su re  gauge. 
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Figure  26. Cor rec t ion  Curve f o r  P re s su re  Gauge P2 
APPENDIX B 
THERMOCOUPLE CALI BRATION 
Upon completion of the  o r i g i n a l  adso rp t ion  appa ra tus ,  t h e r e  were 
f i v e  Type E, Chromel-Constantan thermocouples w i th in  the  cryos t a t .  A l l  
of t hese  thermocouples were made by s o f t  so lde r ing  30 BWG nylon i n s u l a t e d  
wi re  which had been purchased f o r  t h e  labora tory  many years  previously.  
The Constantan was Advance made by t h e  Driver-Harr is  Company wi th  a 
r e s i s t a n c e  of 3.0 ohms/foot. The Chrome1 wi re  was Type T-1 (121 Alloy)  
a l s o  made by Dr iver  H a r r i s .  
Two o f  t he  t:hermocouples were i n s t a l l e d  i n  i nd iv idua l  g l a s s  w e l l s  
made from 7 mm tubing and 5 t o  8 cm of hexane was kept  i n  t hese  w e l l s  
t o  improve thermal t r a n s f e r .  Only the  two thermocouples i n  g l a s s  w e l l s  
were c a l i b r a t e d  us ing  a capsule  type plat inum r e s i s t a n c e  thermometer, 
Leeds and Northrup S e r i a l  1583526 and the potent iometer  components 
descr ibed  i n  Chapter 11. 
A l l  of t h e  c a l i b r a t i o n  work was accomplished w i t h i n  the  c r y o s t a t .  
The e f f e c t  of changing r e s i s t a n c e  thermometer c u r r e n t  was s tudied .  The 
r e fe rence  i c e  ba th  w a s  a g i t a t e d  du r ing  s e v e r a l  experiments t o  be c e r t a i n  
t he re  was no thermal s t r a t i f i c a t i o n .  Measurements were a l s o  taken wi th  
ano the r  platinum r e s i s t a n c e  thermometer which had been c a l i b r a t e d  by 
the National  Bureau of Standards yea r s  prev ious ly .  This  was a long g l a s s  
enclosed u n i t  i n s e r t e d  i n t o  the  c r y o s t a t  from t h e  top.  It was decided 
t o  use the  capsule- type thermometer a s  the primary s tandard  as i t  
appeared t o  g ive  the  most s t a b l e  readings i n  s e r v i c e  and the  National  
Bureau of Standards c a l i b r a t i o n  had been performed more r ecen t ly .  
The potent iometer  system descr ibed  i n  Chapter I1 was used t o  read 
EMF values  from t h e  r e s i s t a n c e  thermometer , s tandard  r e s i s t o r ,  and 
the  two thermocouples being c a l i b r a t e d .  The thermometer EMF and t h e  
s tandard  c e l l  EMF were s u f f i c i e n t ,  wi th  the use of the  r e s i s t a n c e  thermo- 
meter  equat ion  which gave the  temperature a s  a func t ion  of e l e c t r i c a l  
r e s i s t a n c e ,  t o  al low the ind ica t ed  temperature t o  be ca l cu la t ed .  A l l  
s i g n i f i c a n t  f i g u r e s  read on t h e  potent iometer  were used a s  input  t o  a 
computer program which p r i n t e d  the  thermometer r e s i s t a n c e  t o  s i x  
f i g u r e s .  This  va lue  was then  used wi th  a p r i n t o u t  of the  thermometer 
r e s i s t a n c e  wi th  temperature a t  0 . 1  K i n t e r v a l s  and a desk c a l c u l a t o r  t o  
l i n e a r l y  i n t e r p o l a t e  and thus t o  e s t a b l i s h  the  ind ica t ed  temperature t o  
the  n e a r e s t  0 . 0 1  K. 
The ind ica t ed  temperature was p l o t t e d  a s  a func t ion  of time and 
t h e  two thermocouple EMF va lues  were shown on the  same p l o t .  Th i s  p l o t  
was used t o  determine equi l ibr ium EMF a s  a func t ion  of temperature f o r  
each of t h e  thermocouples. Four t o  t e n  p a i r s  of va lues  were determined 
a t  each temperature l e v e l  a t  increments of approximately 10 K degrees f o r  
t he  range from 200 t o  310 K. A l l  of the  va lues  f o r  each thermocouple 
were used a s  i npu t s  t o  a l e a s t  square  polynomial f i t t i n g  program t o  
o b t a i n  the b e s t  f i t t i n g  func t ion  and 1ea.m the dev ia t ions  of a l l  of t he  
experimental  va lues  from the  smooth func t ion .  When i t  w a s  found t h a t  a 
f i t  which gave dev ia t ions  l e s s  than 0.1 K degree could not  be obta ined ,  
i t  was decided t o  c a l i b r a t e  a t  t h e  t h r e e  p a r t i c u l a r  temperatures  used 
f o r  a l l  of t he  adsorp t ion  experiments.  This  was done wi th  the  c o n t r o l  
system i n  ope ra t ion  hold ing  t h e  c r y o s t a t  a t  each temperature f o r  from 
one t o  s eve ra l  hours  u n t i l  i t  was deemed t h a t  s a t i s f a c t o r y  equ i l i b r ium 
values  had been obtained.  It was apparent  t h a t  thermal s t r a t i f i c a t i o n  
w i t h i n  the  Dewar was severe  a t  t he  beginning of each run and the  mixer 
was requi red  t o  be i n  s e r v i c e  whenever t he  c r y o s t a t  was used. 
A l l  temperatures  a r e  r epo r t ed  on a Kelvin Sca le  u s ing  t i n  degrees 
cen t ig rade  on t h e  I n t e r n a t i o n a l  Temperature Sca le  of 1948. 
T (K) = t ( O C )  + 273.15 
The r e s i s t a n c e  thermometer used w a s  c a l i b r a t e d  by the  National  
Bureau of Standards i n  Test  No. 3.1/G-29918 completed January 9 ,  1962. 
The two c a l i b r a t e d  thermocouples were found t o  have EMF va lues  which were 
e s s e n t i a l l y  the  same a t  each of t he  t h r e e  c a l i b r a t e d  temperatures.  With 
an i c e  re ference  b a t h ,  the EMF va lues  a t  212.7, 260.2, and 301.4 K were 
3.169,  0.715, and -1.604 m i l l i v o l t ,  r e spec t ive ly .  The poten t iometer  
system was used over  a per iod  of approximately one year  and r e c a l i b r a t e d  
a t  t he  beginning and end of t h i s  per iod.  The measurement accuracy of 
t h e  system i s  be l ieved  t o  be w i t h i n  two microvolts .  
APPENDIX C 
GAS CHROMATOGRAPH CALIBRATION 
A LOENCO, Model 2400-TI, S e r i a l  1014, chromatograph was used w i t h  
a PERKIN-ELMER gas sampling va lve  wi th  the  5.0 cc  loop i n s t a l l e d .  The 
column w a s  a c t i v a t e d  by flowing pure helium f o r  one hour a t  200°C. 
Output from the  gas chromatograph was recorded on a Leeds and Northrup 
Model W po ten t iometer  w i t h  a 2.0 m i l l i v o l t  span and a two inch pe r  
minute c h a r t  speed. Chromatograph ope ra t ing  condi t ions  a r e  shown i n  
Table 4. 
Table 4. Gas Chromatograph Operating Conditions 
Column: 114 inch o u t s i d e  diameter  s t a i n l e s s  s t e e l  tub ing  80 cm long 
f i l l e d  wi th  40180 mesh S i l i c a  Gel 
C a r r i e r  
Gas: Helium; flow r a t e  = 38.2 cclminute a t  50 PSIG i n l e t  
re ference  r a t e  = 19.8 cclminute 
Thermal conduc t iv i ty  c e l l  f i l ament  c u r r e n t  = 69.5 mil l iamperes  
Column, i n j e c t o r  and d e t e c t o r  temperatures = 6 0 " ~  
Time requi red  f o r  peak: Methane = 1% minutes 
Carbon Dioxide = 6 minutes 
Experimental work w i t h  s e v e r a l  columns showed t h a t  i t  w a s  p r a c t i c a l  
t o  ana lyze  the  methane and carbon d ioxide  on the same instrument.  The 
b a s i c  problem w a s  t:o f i n d  a s i n g l e  column which would s e p a r a t e  these  two 
components from a binary or a ternary mixture with hydrogen. As seen from 
the peak times in Table 4, the conditions used gave a satisfactory 
result. Experiments were performed with the operatin& conditions 
to find the combinations which would give distinct peak heights linearly 
proportional to composition. The conditions shown were selected after 
varying the column, carrier gas rate, operating temperature, detector 
cell current, sample size and silica gel particle size. 
It was necessary to calibrate the chromatograph over the full 
range from 0 to 100 per cent to handle all anticipated samples from 
the mixture experiments. The calibration was performed with the use 
of known mixtures prepared with a sample mixing buret which had been 
2 6 
designed and built by Kirk. This apparatus was used to prepare methane- 
hydrogen and carbon dioxide-hydrogen binary mixtures. Gas imperfection 
corrections were found to be unnecessary for these mixtures. 
To allow for the many day-to-day fluctuations which can affect 
a chromatograph calibration, a series of reference cylinders containing 
ternary mixtures of the same gases for the full range of attenuation 
switch settings was prepared. Samples of these reference gases were 
checked frequently throughout the calibration experiments. On subsequent 
days, these reference gases were checked and used to provide a single 
correction factor Eor the following possible causes of calibration shift 
for the gas chromatograph: 
1. Variation in atmospheric pressure. 
2. Room temperature variation. 
3. Temperature variations within the chromatograph. 
4. Carrier gas fluctuations. 
5. Voltage and r eco rde r  changes. 
6 .  Detector  s y s  tem changes. 
The r e s u l t s  from a l l  of t he  c a l i b r a t i o n  experiments were p l o t t e d  
f o r  each of the  gases  f o r  each a t t e n u a t i o n  switch s e t t i n g  from "2X" 
t o  t h e  s e t t i n g  requi red  f o r  a  100 per  cen t  sample. Best f i t  s t r a i g h t  
l i n e s  were drawn on a l l  of these  p l o t s .  These p l o t s  were used t o  d e t e r -  
mine compositions from the  experimental  peak he igh t s .  Using pure 
methane and pure  ca.rbon d ioxide  a s  r e f e rences  gases  gave a good check 
whenever ana lyses  were made f o r  high compositions of these  components. 
The re ference  gases  were from t h e  same sources  as the  feed  gas mixtures .  
A c o r r e l a t i n g  p l o t  was made f o r  each gas wi th  the  experimental  
c a l i b r a t i o n  p o i n t s  which covered the  f u l l  range of samples t e s t ed .  This  
c o r r e l a t i n g  curve i s  a  semi-log p l o t  of peak he igh t  times a t t e n u a t i o n  
switch s e t t i n g  as t h e  a b s c i s s a  wi th  the  same v a r i a b l e  d iv ided  by composi- 
t i o n  expressed a s  pe r  cen t  as the  ord ina te .  A band r ep resen t ing  p lus  
and minus t h r e e  pe r  c e n t  accuracy was a.dded t o  the c o r r e l a t i n g  curve. 
I t  i s  be l ieved  that :  the  accuracy of a l l  ana lyses  accomplished dur ing  t h e  
experiments f a l l s  w i t h i n  t h i s  accuracy range. The c o r r e l a t i n g  curve 
f o r  carbon d ioxide  is  presented  a s  F igure  27 and the  curve f o r  methane 
i s  F igure  28. 
The same met:hod of a n a l y s i s  by peak he igh t  u s ing  r e fe rence  
mixtures  f o r  s t a n d a r d i z a t i o n  Ins been used by   irk,^^ (2arber,16 and 
4 1 
Yoon, and o t h e r s  i n  t h i s  labora tory .  An a d d i t i o n a l  c a l i b r a t i o n  was 
performed s e v e r a l  months a f t e r  the  o r i g i n a l  work. There was a n  i n d i r e c t  
c a l i b r a t i o n  check dur ing  the  b inary  adsorp t ion  experiments when b ina ry  
samples of methane and carbon d iox ide  were obta ined  on desorp t ion .  The 
6 5 
hs/Y 
Figure  27. C a l i b r a t i o n  Curve for Carbon Dioxide Analysis  
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Figure 28. Cal ibra t ion Curve fo r  Methane Analysis 
results of most of the analyses for the individual components totaled 
100 per cent to within 2 per cent. These values were adjusted to total 
100 per cent exactly by linear proportioning. 
No chromatograph calibration with the sample mixing buret was 
performed upon completion of the adsorption experiments. There is 
reason to believe such a calibration was unnecessary. The binary and 
ternary gas mixtures used for the experiments were all analyzed on the 
chromatograph during the final month of experimentation using the reference 
standards for daily correction as described above. The mixtures were 




Pure Isotherm Determination 
1. Prel iminary s teps :  
a )  Water thermostat turned on and system a t  temperature 
equilibrium. 
b) I c e  i n  thermocouple reference bath. 
c )  Evacuate adsorption chamber. 
d) Record barometric pressure.  
e )  I f  r e se rvo i r  does not conta in  des i red  gas from previous 
run, f u l l y  evacuate. 
2. I n s t a l l  c r y o s t a t  and wait  f o r  equil ibrium a t  des i red  temperature. 
3. Record thermostat ,  c ryos ta t  and room temperature. 
4. Charge gas i n t o  supply rese rvo i r .  Pressure gauge P3 valve 
open. 
5. When ready t o  begin: 
a )  Record reading on rese rvo i r  manometer. 
b) S t a r t  the c ryos ta t  temperature recorder.  
6. Be su re  the  adsorption space is f u l l y  evacuated and then c lose  
the evacuation valve. 
7. Open tk i s o l a t i n g  valve which allows gas t o  flow from the 
re se rvo i r  t o  the  adsorpt ion  space. 
8. Wait f o r  the  pressure  t o  reach a s t a b l e  value and record the  
manometer reading and c lose  the  i s o l a t i n g  valve. 
9. Recharge the supply reservoir. 
10. Wait for pressure to reach a stable value and then record. 
Check the cryostat temperature with the calibrated thermocouple and 
potentiometer system. 
11. Repeat steps 7 through 10 until an initial pressure of two 
atmospheres is no longer adequate in the supply reservoir. Then close 
the manometer valve and read all pressures from pressure gauge P3 which 
has been connected to the reservoir system from the start. Repeat steps 
7 through 10 until the pressure in the adsorption space reaches the 
desired limit for the isotherm determination. 
This completes the experimental procedure. The results are 
obtained by FORTRAN program ISTHRM. 
For this procedure, inputs to computer program ISTHRM are: 
1) Run No. 
2) Gas identification 
3) Barometric Pressure 
4) Cryos tat temperature 
5) Room temperature 
6) Water bath temperature 
7) Identifier for pressure device used 
8) Pressure readings before and after opening isolating valve. 
Manometer readings are read in as individual legs and converted to pressure 
within the program. 
Program output : 
1) StepNo. 
2) Absolute pressure 
3) Amount a.dsorbed in millimoles/gm Carbon 
4) Compressibilities for various portions of the system as 
calculated by subroutine BWRMXZ 
Fortran program IS= used equation (1-1) to solve each adsorp- 
tion data point by a material balance. Volumes for the apparatus are 
within the program. The material balance is performed in moles of the 
substance. Imperfect gas behavior is accounted for by determining a 
compressibility factor at each set of pressure-temperature conditions 
by use of the BWR equation in subroutine BWRMXZ. 
Mixture Isotherm Procedure 
1. Preliminaries : 
a) Water thermostat on and at temperature equilibrium. 
b) Ice in thermocouple reference bath. 
c) Adsorbent fully regenerated and at 100 milli-Torr or less 
pressure. 
d) Record barometric pressure. 
e) Gas supply connected and purge reservoir charged with 
pure hydrogen. 
f )  Gas chromatograph running and stabilized. 
g) Record reading on positive displacement meter connected 
to effluent gas. 
h) Record room and water thermos tat temperatures. 
2. Open feed gas supply valve to adsorption space and set 
pressure regulator to approximate pressure desired. 
3.  Install cryostat and set controls as necessary to reach 
desired temperature. Cryostat mixer turned on. When near operating 
opera t ing  temperature, s e t  temperature con t ro l s  t o  opera te  automat ica l ly  
and s t a r t  c r y o s t a t  temperature recorder  with reduced range s e t  f o r  
0.5 m i l l i - v o l t .  
4. The vacuum pump is  l e f t  opera t ing  and evacuating the sample 
r e s e r v o i r  during t h i s  period. 
5. When the c r y o s t a t  reaches opera t ing  temperature, open the 
adsorpt ion  space outlet :  va lve  which allows feed gas t o  flow. Adjust 
the o u t l e t  r a t e  t o  100 t o  200 cclminute. 
6 .  Adjust t h e  feed gas pressure  r egu la to r  i f  necessary.  
7 .  Analyze the  feed gas on t h e  gas chromatograph. 
8. Analyze appropr ia te  reference  cy l inde r s  on t h e  gas chroma- 
tograph. 
9. Analyze the  e f f l u e n t  gas. Record a l l  ana lyses ,  pressure  and 
temperature readings a s  they a r e  taken on the  experiment record sheet .  
10. Repeat s t e p s  6 through 9 u n t i l  t he  e f f l u e n t  a n a l y s i s  i s  equal  
t o  the  feed gas ana lys i s .  When the  two a r e  equa l ,  c lose  t h e  vacuum 
valve t o  the sample r e se rvo i r  and record the  adsorpt ion  space pressure.  
11. Close the  o u t l e t  and then t h e  i n l e t  t o  the  adsorpt ion  space. 
These two should be closed as simultaneously as p r a c t i c a l  t o  keep the  
pressure wi th in  t h i s  p a r t  of t h e  system a t  the  same value  which was 
maintained while  the  gas was flowing. Record the  pressure  a f t e r  t h e  
adsorpt ion  space i n l e t  and o u t l e t  va lves  a r e  closed. 
12. Open the  valve from the  adsorpt ion  space t o  the  sample reser- 
vo i r .  For low pressure  experiments when the  mercury manometer i s  being 
used to  read the adsorpt ion  space p ressu re ,  t h i s  manometer is  c losed  
before  allowing flow t o  the  sample r e se rvo i r .  The sample r e s e r v o i r  is 
never allowed t o  exceed 7 PSIG so severa l  depressur iza t ion  s t eps  may be 
required. 
13. The sample re se rvo i r  mixer i s  turned on each t i m e  the  v e s s e l  
is f i l l e d  and the  pressure  readings from the  sample manometer a r e  r e -  
corded when a constant  pressure is  reached. Be s u r e  the  i s o l a t i n g  valve 
between the  adsorpt~ion space and the  r e s e r v o i r  i s  closed before recording 
the pressure and analyzing. 
14. The e l e c t r i c  hea te r s  a r e  a t tached t o  the  adsorbent c e l l  a f t e r  
the c ryos ta t  is  removed. The surface  thermocouple is  placed i n  p o s i t i o n  
and the  hea te r s  and thermocolp l e  wrapped with blanket  type insula t ion .  
The hea te r s  a r e  turned on and the  temperature recorder is  switched t o  the  
su r face  thermocoupl-e. 
15. Af ter  the  sample r e s e r v o i r  pressure  is recorded, withdraw 
a por t ion  of the  contents  i n t o  the  sample c o l l e c t o r  and analyze one t o  
two batches i n  the  chromatograph. Vent the  contents  of the  sample 
c o l l e c t o r  and analyze a second por t ion  of the r e se rvo i r  contents  t o  
v e r i f y  t h a t  the  batch was w e l l  mixed. 
16. When the ana lys i s  of the  gas i n  the  sample r e se rvo i r  i s  
complete, evacuate the  sample r e se rvo i r  t o  100 mi l l i -Torr  o r  less. 
17. Open the valve between the  adsorption space and the  sample 
r e se rvo i r  again  repeating s t eps  12, 13,  15 and 16. When the  pressure  
i n  the  sample r e s e r v o i r  s t a y s  below one atmosphere and the  adsorbent 
c e l l  has reached 360 K ,  open the  purge valve slowly and al low a t  l e a s t  
500 cc o r  a s  much hydrogen a s  is  required t o  r a i s e  the  sample r e s e r v o i r  
pressure t o  a p o s i t i v e  value. 
18. m e n  the  mount  of both methane and carbon dioxide in the  
analyzed sample is below 2% and the pressure of the adsorbent space 
connected to the sample reservoir before opening the purge valve is 
2 PSIA or less, the adsorbate may be considered fully removed from the 
adsorbent. 
19. Recheck room and water thermostat temperatures and barometric 
pressure. 
20. Pressure gauge readings are all corrected before input to 
the computer program by using calibration curves for each gauge. 
This completes the experimental procedure. 
Input to conputer program MXADSH includes the following: 
1) Run No. 
2) Barometric pressure 
3) Cryos tat temperature 
4) Water thermostat temperature 
5) Room temperature 
6) Feed gas composition 
7) Pressure! of experiment 
8) For each sample: 
a) Composition 
b) Sample reservoir manometer readings 
c) Purge gas reservoir before and after flowing sweep gas 
d) Adsorbent cell temperature 
Output from the program: 
1) Absolute pressure of experiment 
2) Amount of methane and carbon dioxide adsorbed per gram of 
adsorbent 
3) Mixture compressibilities for various parts of the system 
from subroutine BWRMXZ 
Fortran program MXADSB used equation ( G - 5 )  in Appendix G to deter- 
mine the moles of each component adsorbed on the adsorbent sample. 
Pressure, temperature, gas composition and apparatus dead space volume 
are known. Imperfect gas behavior in the dead space is calculated by 
using a compressibility factor determined from a BWR equation solved 
by Newton-Raphson interation in subroutine BWRMXZ. 
APPENDIX E 
EXPERIMENTAL DATA 
Table 6 g ives  t h e  experimental  d a t a  f o r  t h e  t h r e e  methane i s o -  
therms. Table 8 g ives  comparable d a t a  f o r  carbon dioxide.  Each isotherm 
s e t  i s  i d e n t i f i e d  by t h e  d a t e  of t h e  experiment. These r e s u l t s  a r e  from 
For t r an  computer program ISTHRM which i s  b r i e f l y  descr ibed  i n  Appendix D. 
A l l  of t h e  experimental va lues  f o r  each d a t a  s e t  were used as in- 
p u t  t o  a leas t - squares  f i t t i n g  program t o  f i n d  a func t iona l  form which 
f i t t e d  t h e  d a t a  w i t h i n  t h e  es t imated  experimental  accuracy. The equa- 
t i o n  which gave t h e  b e s t  f i t  f o r  a l l  s i x  methane and carbon d ioxide  
isotherms is 
2 
I n  N = kl + k 2 ( l n  PS/P) 
Values f o r  kl ,  k2, and Ps a r e  shown i n  Table 5 based on t h e  use  
of N i n  milligram-moles adsorbed p e r  gram of carbon and P i n  pounds p e r  
square inch  absolu te .  
Table 5. Constants f o r  F i t t e d  Isotherm Equations 
Isotherm 1 k2 Ps 
Methane a t  301.4 K 
260.4 
212.7 
Carbon Dioxide a t  301.4 1.9642 -0.7899 668.1 
260.2 2.1215 -0.0766 284.3 
212.7 2.2610 -0.0805 54.05 
The calculated values for Gibbs adsorption from the fitted 
equations are given in Table 6 for methane and in Table 8 for carbon 
dioxide. Total adsorption was also calculated and is presented in these 
two tables. The Gibbs adsorption value and the Dubinin-Nikolaev 
3 1 
temperature dependent model described in Chapter IV for adsorbate molar 
volume were used to calculate total adsorption. Only Gibbs adsorption 
values were used in subsequent calculations. 
Table 10 presents the results of the binary mixture adsorption 
experiments of this study. Table 11 gives the results for the ternary 
gas mixtures. Fortran program MXADSB briefly described in Appendix D 
calculated Gibbs adsorption values. A separate program calculated total 
adsorption using the same adsorbate volume model as the pure isotherms 
described above together with equation (IV-13). Total adsorption is 
presented to show it is not significantly different from Gibbs adsorp- 
tion for the conditions of this investigation. 
Tables 10 and 11 show the calculated adsorbate composition. The 
amount of hydrogen adsorbed was assumed negligible as it was below the 
limits of accuracy for t k  apparatus. Thus the adsorbates shown in 
Table 11 for ternary gas mixtures are reported as binary solutions. 
Adsorption enhancement factors defined as 
are shown in Tables 10 and 11 for the methane and carbon dioxide. These 
values were manually calculated. The uncertainty of these values is in 
the order of 13% due largely to the experimental uncertainty of both the 
pure and mixture adsorption values which are used for the denominator. 
The adsorp t ion  enhancement f a c t o r  i s  d i scussed  i n  Chapter V .  
The r e l a t i v e  v o l a t i l i t y  a def ined  by equat ion  (V-2) i s  shown 
i n  Tables  10 and 11. This q u a n t i t y  i s  d i scussed  i n  Chapter V. 
Tables 12 and 13 give a comparison of adsorba te  compositions f o r  
t he  mixtures  of t h i s  i nves t iga t ion .  A11 b inary  mixture r e s u l t s  a r e  i n  
Table 12 and t e r n a r i e s  a r e  i n  Table 13. The ca l cu la t ed  experimental  
adsorba te  mole f r a c t i o n s  f o r  methane and carbon d ioxide  from Tables  10 
and 11 a r e  repeated f o r  convenience. A l l  va lues  shown i n  these  t a b l e s  
were computed i n  F o r t r a n  programs. One of the  c a l c u l a t i o n  methods 
compared i n  t h i s  t a b l e  is  t h e  empi r i ca l  r e l a t i o n  of Lewis e t  a l .  2 8 --
which is  
which d i r e c t l y  implies  equat ion  (IV-20). Lewis e t  ind ica t ed  t h a t  -- 
N? i n  equat ion  (E-1) should be a t  P and T f o r  t h e  mixture  isotherm. 
However, i t  i s  conceivable t h a t  t he re  w i l l  be condi t ions  where NP a t  the  
component p a r t i a l  p re s su re  Y.P and T might g ive  a more a c c u r a t e  pred ic-  
1 
t i o n .  Tables 12 and 13 al low t h i s  comparison f o r  a l l  of t h e  mixture 
d a t a  from t h i s  i n v e s t i g a t i o n .  The c a l c u l a t e d  adsorba te  molar f r a c t i o n s  
from t h e  experiment:al r e s u l t s  a r e  i d e n t i f i e d  a s  5 f o r  methane and XD 
f o r  carbon dioxide.  The r e s u l t  of the  c a l c u l a t e d  mole f r a c t i o n  us ing  
equat ion  (IV-20) a t  N; (P ,T) is  i d e n t i f i e d  by the  a d d i t i o n a l  s u b s c r i p t  
!IT ll . The sum of p l u s  XDT i s  shown under the second t o  l a s t  column 
under t he  headings "Sum I '  and "T". The r e s u l t  of t h e  c a l c u l a t i o n s  us ing  
equat ion  (IV-20) wi th  NP ('YiP,T) has t h e  added s u b s c r i p t  "P". The sum 
0 
of \p p l u s  Sp is i n  t he  l a s t  column under "PI'. A l l  N i  va lues  i n  
t hese  c a l c u l a t i o n s  were ob ta i r ed  from the  f i t t e d  pure isotherm equat ions .  
The t a b l e s  a l s o  show the  r e s u l t  of c a l c u l a t i n g  the  adso rba te  mole 
f r a c t i o n  us ing  the  equ i -po ten t i a l  concept a s  expressed i n  equat ion  
(IV-10) wi th  the use  o f  equat ion  (IV-11). This  i s  i d e n t i f i e d  w i t h  the  
added s u b s c r i p t  "G". 
It  can be seen by comparing the experimental  adso rba t e  mole 
f r a c t i o n s  wi th  t h e  r e s u l t s  c a l c u l a t e d  from the  Lewis e t  a 1  ? empi r i ca l  
r e l a t i o n  and the  e q u i - p o t e n t i a l  concept t h a t  t he  l a t t e r  g ives  cons i s -  
t e n t l y  more accu ra t e  r e s u l t s  f o r  both the  b ina ry  and t e r n a r y  gas mix- 
t u re s .  Between the  two approaches t o  t he  Lewis empi r i ca l  method, system 
t o t a l  p re s su re  f o r  the de te rmina t ion  of  t he  pure isotherm va lue  does 
n o t  g ive  a  c o n s i s t e n t l y  more accu ra t e  r e s u l t  than component p a r t i a l  
p ressure .  The sums a r e  repor ted  a s  a n  added convenience t o  show the  
agreement w i t h  equat ion (E-1) . 
Figure 29 shows an  Adsorption P o t e n t i a l  Theory c h a r a c t e r i s t i c  
curve f o r  adsorba te  volume N V. p l o t t e d  a g a i n s t  adso rp t ion  p o t e n t i a l  
1 
T f s  
This  p l o t  was cons t ruc ted  from the  s i x  pure isotherms I n  ( ~ 1 ~ .  
f o r  methane and carbon d ioxide  determined i n  t h i s  i nves t iga t ion .  This 
p l o t  uses  adsorba te  molar volume T i  i n  both the  o r d i n a t e  and the  
a b s c i s s a  a s  a  p re s su re  dependent va r i ab l e .  The molar volume i s  taken 
a s  t he  s a t u r a t e d  l i q u i d  corresponding t o  a  p re s su re  equal  t o  Pg where 
Sources f o r  t he  phys i ca l  p r o p e r t i e s  a r e  given i n  Chapter V. 
Fugac i t i e s  were c a l c u l a t e d  us ing  the  BWR equat ion  and a n  e x p l i c i t  
(IV- 12) 
fugac i ty  r e l a t i o n  and cons tants  given by orye. 32 Satura ted  fugaci ty  
va lues  used depend on temperature and a r e  reported i n  Table 2 loca ted  
i n  Chapter V. The f i t t e d  pure isotherm equations were used wi th  
pressure  increments a s  the independent v a r i a b l e  t o  c a l c u l a t e  the  
o rd ina te  f o r  Figure 29. 
Figure 30 shows a p l o t  of c h a r a c t e r i s t i c  curve values wi th  the  
b inary  mixture experimental d a t a  of t h i s  inves t iga t ion .  For t h i s  p l o t  
a l l  molar volumes a r e  a t  t he  component normal b o i l i n g  point .  The molar 
volume i n  the  o rd ina te  i s  obtained from equation (IV-13) while  the 
abscissa uses the pure component value. Fugacities were determined 
a s  described f o r  Figure 29 above. The e y e - f i t t e d  c h a r a c t e r i s t i c  curve 
presented a s  Figure 10 cons t ruc ted  from pure component isotherms using 
the same molar volume method i s  shown a s  a heavy s o l i d  l i n e .  
Figure 31 shows the  r e s u l t s  from p l o t t i n g  the  same d a t a  a s  
Figure 30 with the exception t h a t  the adsorbate molar volumes used i n  
o rd ina te  and absc i s sa  a r e  pressure  dependent a s  described f o r  Figure 29 
above. Except f o r  adsorbate molar volume, a l l  va lues  were determined 
a s  described f o r  Fi.gure 30 above. The c h a r a c t e r i s t i c  curve of Figure 29 
is shown a s  a heavy s o l i d  l i n e  on Figure 31. 
Figure 32 shows po in t s  ca l cu la t ed  from the  te rnary  gas mixture 
d a t a  of t h i s  inves t iga t ion .  Construct ion of t h i s  p l o t  was the  same 
i n  every d e t a i l  a s  the method used f o r  Figure 30. The c h a r a c t e r i s t i c  
curve of Figure 10 is shown a s  a heavy s o l i d  l i n e .  
Figure 33 i s  the  same a s  Figure 32 wi th  the exception t h a t  i t  
follows the  v a r i a b l e  adsorbate molar volume method used f o r  Figure 31. 
The c h a r a c t e r i s t i c  curve of Figure 29 i s  shown a s  a heavy s o l i d  l i n e  on 
t h i s  p lo t .  
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Table 7. Pure Methane Isotherm Fitted Values For 

























Table 7. (Continued) 









































63.4  3.928 
85.8 4.547 
111.2 5.086 
(Mar. 1 7 ,  1972) 
260.2 K PSIA N 
2.1  1.172 
6.2 2.344 
11 .5  3.305 
33.2 5.323 
6 1 . 7  6.704 
104.1  7.744 
(Mar. 31,  1972) 
6.8 1.034 
14.9 1.751 
21.1 2 .161 
38.9 3.072 
84.9 4.433 
120 .1  5.191 




37.8  2 .861 
5 9 . 5  3.635 
92.7 4.490 







( A p r i l  3 ,  1972) 
Table 8. (Continued) 
PSIA N PS IA  N PS IA N 
0.5 1.391 0.5 1.405 0.4 1.545 
1.0 2.775 1.1 2.782 1.2 2.844 
9.3 7.286 2.4 4.121 2.3 4.180 
38.7 9.787 6.7 6.396 4.3 5.464 
(Apr. 18, 1972) 18.8 8.714 32.1 9.391 
24.1 9.101 (Apr. 5, 1972) 
28.4 9.321 
(Apr. 4, 1972) 
N is given in milligram-moles/gram carbon 
Table 9. Pure Carbon Dioxide Isotherm F i t t e d  Values f o r  
Gibbs and To ta l  Adsorption 
Pressure  
PSIA 
N i n  milligram-mole/ 
gram carbon 
Gibbs To ta l  

Table 10. Binary Mixture Experimental Results with Calculated Variables 
Mixture Temp. Pressure Adsorptioninm-moles/gmcarbon MoleFraction Enhancement Factor a 
K PSIA Gibbs Total (1) (2) 
N~ N~ N~ N~ 3i % @AM *AE 
Table 10. (Continued) 
Mixture Temp. 
K 
Pressure Adsorption i n  m-moles/gm carbon 
PSIA Gibbs Tota l  




Enhancement Factor a 
(2) 
@AM 
Notes: (1) Mole f r a c t i o n s  based on Gibbs adsorption 
( 2 )  = %yn/%yD 
Table 11. Ternary Mixture Experimental Results with Calculated Variables 
Mixture Temp. 
K 
Pressure Adsorption i n  m-moles/gm carbon Mole Fract ion Adsorption 
PS I A  Gibbs Tota l  (1) Enhancement 
NM N~ NM N~ % % 'AM Om 
Notes: (1) Mole f r a c t i o n  based on Gibbs adsorption 
(2) a. equals aYM/XMYD 
(3) Experiment run on May 19,  1972 
(4) Experiment run on Ju ly  25, 1972 
(5) Experiment run on Ju ly  5 ,  1972 
(6) Experiment run on June 1, 1972 
Table 11. (Continued) 
Mixture Temp. Pressure Adsorption in m-moles/gm carbon Mole Fraction Adsorption CY 
K PSIA Gibbs Total (1) Enhancement (2) 
N~ N~ % N~ 5 'b Om Om 
Notes : See previous page for notes (1) to (6) 
Table 12. Binary Mixtures - Adsorbate Mole Frac t ion  Rela t ions  
Mixture Temp Pressure  
K PS IA 
Me thane 
%T %P %G 
Carbon Dioxide 
E6 %T %P 
Sum 
P 
T a b l e  1 2 .  ( C o n t i n u e d )  
M i x t u r e  Temp P r e s s u r e  
K PS I A  
Me thane 
%IT 5P 
Carbon D i o x i d e  
ST %P %G 
Sum 
T P 
Ni (YiP ,T)  
N o t e :  1. T o t a l  Sum = 
N:(P, T) 
2 .  P a r t i a l  Sum = 1 N:(YiPyT) 
m N m  d a m  
Qdd I I I 0 - 4  I I 
FINN m m .+ 
N N O  
m m o  l l l 
0 0 4  
o m m  
a m &  
a a a  
o o m  
d d d  
II C It" "C * * * 





M e  thane Carbon Dioxide Sum 
% DT %P %G T P 
Ni (Yip, T) 
Note: 1. To ta l  Sum = 
N ~ ( P ,  T )  
I 2. Partial Sum = 
Figure 29. Grant-Manes Characteristic Curve with Variable Molar 
Volume. 
Figure  30. Binary Mixture C h a r a c t e r i s t i c  Curve w i t h  
Constant Molar Volume. 
Fitted Curve From Figure 29 
Figure 31. Binary Mixture Characteristic Curve with 
Variable Molar Volume. 
Figure 32. Ternary Mixture Characteristic Curve with 
Constant Molar Volume. 
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Figure 33. Ternary Mixture Characteristic Curve With 
Variable Molar Volume. 
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APPENDIX F 
PURITY OF COMPONENT GASES AND MIXTURF: PREPARATION 
The hydrogen used was supplied by AIRCO and the purity was ce r t i -  
f ied to  be 99.97 mole percent. Because th i s  hydrogen was made by the 
electrolysis  of water, no CO or CH contamination would be expected. 2 4 
The CO used was  from Liquid Carbonic and the nominal purity is  2 
99.95 mole percent. Upon receipt of the f u l l  cylinder which contained 
a large fraction of liquid at room temperature, the cylinder was purged 
a t  a high ra te  to  eliminate non-condensibles which may have concentrated 
i n  the vapor phase. 
The methane used was purchased from the Matheson Company and was 
the i r  Ultra-Pure Grade which i s  cer t i f ied  to  be a t  leas t  99.9% pure. 
A 1 1  pure gases were run on the gas chromatograph a t  maximum 
sens i t iv i ty  to  verify that  the impurities detectable with a peak time 
less  than 10 minutes did not exceed 0.1.0%. A 1 1  gases were used without 
further purification. 
A l l  gas mixixres used i n  th is  investigation were prepared i n  t h i s  
laboratory in  evacuated commercial s t e e l  gas cylinders. Control of the 
compositions was accomplished by use of the calibrated pressure gauges on 
the adsorption apparatus. The cylinders used for mixtures had metal rods 
or tubes inside and a f t e r  f i l l i n g ,  the cylinders were rotated intermittent- 
ly  fo r  one to  two hours and allowed to s e t  overnight before any gas was 
withdrawn. Analyses performed on the various mixture cylinders in the 
course of the experiments confirmed tha t  thorcntgh mixing was achieved. 
APPENDIX G 
ERROR ANALYSIS 
All measurements taken in the experiments for this study were 
for the purpose of determining the number of moles of gas present in 
parts of the equipment. For a pure gas, the moles present in a known 
volume may be s h m  by equation (G-1). 
The worst anticipated error in the measurement of N where indi- 
vidual variations are shown by "A" notation is given in equation (G-2). 
Evaluating the partial derivatives by using equation (G-1) and 
dividing by N and multiplying by 100 to obtain per cent relative varia- 
tion gives equation (6-3). 
The individual terms in equation (G-3) are seen to be the relative 
accuracies achieved with each of the measurements. An analysis of 
readability, calibration certainty and the many factors which go into 
the assignment of accuracies to each of the measurements lead to the 
following values: 
Thus, for a pure component, equation ( G - 3 )  indicates that the 
moles can be measured to less than ' 1.84%. mere analysis is required 
to account for more than one component in a mixture and the accuracy 
of the analysis is k 3%, the accuracy for a particular component is 
+ 4.8%. These accuracies apply to the determination of the moles con- 
tained in one part of the system. The adsorption computation is made up 
of a difference of two calculated quantities as shown in equation (G-4). 
(Moles adsorbed) = (Mole admitted) - (Moles in Dead Space) 
The moles admitted is the result of two calculations, the amount 
in the reservoir before and after allowing gas into the dead space. 
Thus the calculation of the number of moles adsorbed depends upon the 
calculation of three quantities. The uncertainty of the calculated 
amount adsorbed it; not three times the uncertainty of each measurement 
as the relative values of the individual terms must be taken into 
account. Since each error may be positive or negative, the probable 
total error is always less than the maximum error. A more detailed 
consideration of the actual expected error for any given measurement shows 
that it is necessary to allow for the actual type of pressure device used, 
the level of the readings, and the magnitude of all quantities if a 
percent error is to be determined. 
A different approach to the assignment of a certainty to the 
entire set of data is to analyze the deviations from a fitted function. 
The methane isotherms gave fits which had a maximun point deviation of 
3.7% for the worst point. The carbon dioxide points were poorer, par- 
ticularly at low pressures. However, there were significantly more 
low pressure points measured for carbon dioxide than for methane. 
At low pressure, a small increment can result in a large percent devia- 
tion. For this reason, the very low pressure deviations were discounted 
when a judgment was made to assign a precision of 5% or better to the 
carbon dioxide isotherms. 
For the mixtures, the certainty of the analysis has been estimated 
as * 3%. However, the experimental value for the amount adsorbed is 
calculated for each component after a summation of the amount of the 
component in each of the samples as shown in equation (G-5). 
All samples 
(Holes of i adsorbed) = 1 (Moles i desorbed) - 
i 
(Moles of i in Dead Space) (G-5) 
The accuracy of a particular calculated point will again be seen 
to depend upon the magnitude of the values which comprise the sum. A 
general statement of the probable error for the amount adsorbed with the 
method used in these experiments is shown by equation (G-6). 
2 2  2 2 
Probable Error 
'Ni Y i ? ( y ~  'A) 
where y =  ana ly t i ca l  accuracy expressed as  a decimal. 
Subscripts  : 
0 = dead space 
A = analyt.ica1 measurement 
Q = quanti ty measurement 
The maximum e r ro r  fo r  a calculated mixture adsorption value 
is  shown i n  equation (G-7). 
Y 
YiNi(l + yA)(l  + yQ) - YONO(l - yA)( l  - ~ p )  
Maximum Error i=l 
fo r  N = Y 5 (G-7) 
The probable e r ro r s  f o r  various points  and conditions were calcu- 
l a ted  using equation (G-6). The same calcula t ion was made by applying 
the  var ia t ions  d i r e c t l y  t o  the data. These spec i f i c  point  computations 
agreed very wel l  with the general re la t ionship .  As  a r e s u l t  of these 
calcula t ions ,  the conclusion was reached t ha t  the general precis ion 
f o r  the carbon dioxide values i n  the mixture isotherms i s  2 6% and the 
corresponding precis ion fo r  the methane values i s  '8%. The experiments 
which were repeated a t  various mixture points  support these conclusions. 
Further,  e r r o r  bars  of the s i z e  indicated allowed smooth l i n e s  t o  be drawn 
through the da ta  points  fo r  each of the mixture isotherms. 
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